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XIX  INTERNATIONAL  CONGRESS 
HELSINKI,  FINLAND,  1990 


DEFORMATION  MONITORING.  ANALYSIS.  AND  PREDICTION  —  STATUS  REPORT 

LA  SURVEILLANCE.  L’ANALYSE.  ET  LA  PRjmiCnON  DE  DEFORMATIONS  —  UN 
RAPPORT  DE  STATUS 

DEFORMATIONSOBERWACHUNG.  -ANALYSE  UND  -PRADIKTION  —  EIN 
STATUSREPORT 

A.  Chrzanowski  and  Y.Q.  Chen  —  Canada 


SUMMARY 

New  space  techniques,  coordinating  systems  with  electronic  theodolites,  as  well  as 
high  precision  geotechnical  and  other  non-geodetic  instrumentation,  dose  the  gap 
between  the  regional  and  very  local  deformation  surveys.  Integration  of  various 
monitoiing  techniques  calls  for  an  interdisdplinary  approach  to  the  deformation 
surveys  and  analysis.  All  basic  problems  of  geometrical  analysis  of  deformation 
surveys  in  the  static  and  kinematic  modes  have  been  solved.  Additional  research 
is  needed  for  a  proper  design  of  the  integrated  monitoring  surveys,  for  monitoring 
and  analysis  of  dynamic  deformations,  and  for  physical  interpretation  and 
prediction  of  deformations. 

RESUME 

Le  desaccord  entre  les  Etudes  de  deformation  regionale  et  de  deformation  locale 
se  diminue  grace  a  des  nouvelies  techniques  spatiales,  a  des  systemes  de 
coordonation  et  de  mesurage  eiectroniques  de  distance  avec  les  theodolites 
eiectroniques,  ainsi  qu'a  I'instrumentation  geotechnique  (tres  precise)  et  non¬ 
geotechnique.  L'integration  de  plusieurs  techniques  dk  surveillance  demande  une 
approche  interdisciplinaire  e  retude  et  I'analyse  de  la  deformation.  Tous  les 
problemes  fondamentaux  de  I'analyse  geometrique  des  etudes  de  deformation 
kinetique  et  statique  furent  resolus.  II  faut  de  la  recherche  suppiementaire  dans  les 
domaines  de  la  conception  des  etudes  de  surveillance  integrees.  de  la 
surveillance  et  I'analyse  de  deformations  dynamiques,  ainsi  que  de  I'interpretation 
physique  et  la  prediction  de  deformations. 

2USAMMENFASUNG 

Neue  RaummeBverfahren,  Koordinierungssysteme  mit  elektronischen  Theodoliten, 
sowie  prazise  geotechnische  und  andere  nicht-geodStische  Instruments  schlie6en 
die  Lucke  zwischen  regionalen  und  sehr  lokalen  Deformationsvermessungen.  Die 
integration  verschiedenartiger  Ober-  wachungstechnologien  verlangt  einen 
interdisziplindren  Zugang  zu  Deformations-  messung  und  -analyse.  Alte 
prinzipiellen  Problems  der  geometrischen  Analyse  von  Deformationsmessungen 
sowohl  im  statischen  als  auch  im  kinematischen  Modus  sind  als  geldst  zu 
betrachten.  Weitere  Forschung  ist  notwendig  sowohl  zur  Entwicklung  eines 
geeigneten  Designs  fur  integrierte  Deformationsmessungen  und  -analysen  als 
auch  in  der  physikalischen  interpretation  und  Pradiktion  von  Deformationen. 
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1.  INTRODUCTION 

Study  Group  C,  dealing  with  the  problems  of  monitoring  and  analysis  of 
deformation  surveys,  has  always  been  one  of  the  most  vital  groups  of  FIG 
Commission  6,  This  is  not  surprising  because  deformation  surveys  have  always 
been  of  major  importance  in  engineering  surveys.  Due  to  the  ever  growing 
technological  progress  in  all  fields  of  engineering  and,  connected  with  it,  the 
growing  demand  for  higher  accuracy,  efficien^,  and  sophistication  of  deformation 
measurements,  survey  engineers  must  continuously  search  for  new  monitoring 
techniques  and  refine  their  methods  of  deformation  analysis.  Study  Group  C  h^ 
played  a  very  Important  role  in  providing  a  forum  for  the  exchange  of  information  in 
the  new  developments  by  organizing  technical  sessions  during  FIG  Congresses 
and,  more  Importantly,  by  organizing  specialized  international  symposia  on 
deformation  surveys,  such  as,  in  1975  in  Krakow,  Poland;  In  1978  in  Bonn,  West 
Germany:  in  1982  In  Budapest.  Hungary;  In  1985  In  Katowice.  Poland;  and  in  1988 
in  Fredericton.  Canada.  The  next  (6th)  sympo^um  is  to  be  held  In  Hannover,  West 
Germany,  In  1991.  The  published  proceedings  of  these  symposia  provide  an 
enormous  wealth  of  information  on  the  development  of  new  techniques  and  new 
methods  in  monitoring  and  analysis  of  deformations.  One  should  commend  the 
organizers  of  the  symposia  arKf  the  chairmen  of  Commission  6,  most  of  whom  have 
personally  contributed  to  the  generally  excellent  contents  of  the  technical  sessions 
on  deformation  surveys;  namely.  Professor  T.  Lazzarini  of  Poland.  Professor  L 
Hallermann  of  West  Germany,  Dr.  A.  DetrekSi  of  Hungary,  and  Dr.  G.  Milev  of 
Bulgaria,  just  to  mention  a  few  from  the  long  list  of  many  important  contributors. 
Special  appredation  is  owed  to  Dr.  A.  Platek  of  Poland,  who  until  1988  led  Study 
Group  C.  for  his  efforts  and  many  technical  contributions  which  have  laid  a 
foundation  for  the  present  approaches  to  integrated  deformation  analysis.(e.g. 
Platek  [1974]). 

Since  1978,  the  main  activity  of  Group  C  has  concentrated  on  the  geometrical 
analysis  of  deformation  surveys  vdthin  an  ad  hoc  Committee  on  Deformation 
Analysis  which  was  created  at  the  2nd  symposium  in  Bonn.  Therefore,  in  this  brief 
report  on  the  status  of  deformation  surveys,  emphasis  is  placed  on  the  analysis, 
including  physical  interpretation,  rather  than  on  the  status  of  the  monitoring 
techniques  which  are  reviewed  only  very  briefly  in  Section  3  below. 

2.  INTERDISCIPUNARY  STATUS  OF  DEFORMATION  SURVEYS 

One  should  point  out  that  FIG  is  not  the  only  international  organization  concerned 
with  deformation  surveys.  For  instance.  Commission  4  of  the  International  Sodety 
for  Mine  Surveying  (ISM)  deals  with  deformation  studies  in  mining  areas.  At  the 
last  congress  of  ISM  in  Leningrad  in  1988,  more  than  half  of  the  several  hundred 
presented  papers  dealt  with  monitoring  techniques,  analysis,  and  interpretation  of 
ground  movements  and  related  deformations.  The  international  Commission  on 
Recent  Crustal  Movements  of  the  International  Assodation  of  Geodesy  (lAG)  is  very 
active.  During  their  last  symposium  in  Edinburgh  in  1989,  several  sessions  dealt 
with  the  use  of  new  techniques,  particularly  the  Global  Positioning  System  (GPS) 
and  its  integration  with  terrestrial  geodetic  surveys  in  the  regional  and  continental 
studies  of  the  earth's  crustal  movements.  Commission  5  of  the  International 
Sodety  for  Photogrammetry  and  Remote  Sensing  (ISPRS)  deals  with  aspects  of 
photogrammetric  deformation  surveys  and  uses  of  new  techniques  such  as  solid 
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State  (CCD)  cameras  and  integrated  measurements.  Besides  the  surveying  and 
geodetic  organizations,  practically  all  engineering  organizations  which  deal  with 
geomechanics  and  structural  engineering,  such  as  the  International  Society  of 
Rock  Mechanics,  the  International  Commission  on  Large  Dams  (ICOLD),  the 
International  Society  of  Soil  Mechanics  and  Foundation  Engineering,  and  several 
others,  have  working  groups  which  deal  with  deformation  studies. 

There  is  little  or  no  exchange  of  Information  and,  certainly,  there  is  no  coordination 
of  the  work  performed  by  the  individual  organizations  in  the  field  of  deformation 
surveys.  This  leads  to  an  unnecessary  duplication  of  effort  and  outdated 
“discoveries"  (development  of  “new"  methods  or  concepts  which  have  already 
been  used  by  other  specialists  for  many  years).  Hopefully,  the  recently  organized 
international  Union  of  Surveying  and  Mapping  (lUSM)  will  take  care  of  the 
coordination  of  work,  at  least,  among  the  surveying  and  geodetic  organizations. 
However,  more  work  Is  required  to  create  a  truly  interdisciplinary  approach  to  the 
design,  analysis,  and  interpretation  of  deformation  surveys.  The  need  for  an 
interdisciplinary  approach  and  for  the  integration  of  various  techniques,  such  as 
those  used  by  surveyors  and  geodesists  with  those  used  by  geotechnical  and 
structural  engineers,  has  long  been  recognized  by  many  authors  (e.g.  Janusz 
11971]:  Lazzarini  and  others  [1977];  Platek  [1974];  Chrzanowski  [1986]).  The  first 
major  step  In  correcting  the  situation,'  however,  was  not  made  until  1 988  when  the 
aforementioned  5th  FIG  Symposium  on  Deformation  Measurements  was  organized 
together  with  the  5th  Canadian  Symposium  on  Mining  Surveying  and  Rock 
Deformation  Measurements  as  an  interdisciplinary  conference  on  deformation 
monitoring,  analysis,  and  prediction.  The  main  goal  of  the  conference  was  to  bring 
together  surveying,  structural,  geotechnical,  and  mining  engineers,  as  well  as 
geodesists  and  geophysicists  to  exchange  information  and  to  develop  a  closer 
cooperation  in  areas  of  common  concern.  Among  the  resolutions  of  the  conference 
we  find  [Chrzanowski  and  Wells,  1988,  p.  614]: 

Recognizing  that  the  5th  International  (FIG)  Symposium  on  Deformation 
Measurements  and  the  5th  Canadian  Symposium  on  Mining  Surveying  and 
Rock  Deformation  Measurements  bmught  t(^ether  experts  from  different  fields 
with  the  common  concern  regarding  deformations,  be  it  resolved  that  FIG  seek 
better  communication  with: 

the  International  Society  of  Rock  Mechanics. 

the  International  Society  of  Soil  Mechanics  and  Foundation  Engineering, 
the  International  Society  of  Mining  Surveying, 
the  International  Congress  on  Large  Dams, 
the  International  Union  of  Geodesy  and  Geophysics, 
with  the  aim  of  holding  a  truly  interdisciplinary  symposium  on  deformations  and 
promoting  local  cxjmmunication  on  the  subject  matter. 

Thus,  the  organizers  of  the  6th  FIG  Symposium  (Hannover  1991)  have  a  task  to 
organize  it  in  a  truly  interdisciplinary  spirit. 

3.  STATUS  OF  MONITORING  TECHNIQUES 

As  far  as  new  survey  techniques  are  concerned,  the  technological  progress  of  the 
last  few  years  in  electronics  and  in  automation  of  measuring  systems  has  gone 
beyond  the  control  of  surveyors  who  are  becoming  simply  the  users  of  the  new 
techniques,  learning  about  their  potentials  and  possible  applications.  The  impact 
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of  the  surveying  community  on  the  development  of  the  new  techniques  has  been 
minimal  and  has  been  reduced  to  only  the  adaptation  of  existing  technology  to 
particular  applications.  As  far  as  the  instrumental  precision,  automation  in  the 
measuring  procedures  (robotics),  and  continuous  and  remotely  controlled  data 
acquisition  are  concerned,  the  only  limitations  are  economical  not  technical.  At  a 
cost,  one  may  achieve  almost  any.  practically  needed  instrumental  resolution  and 
precision,  full  automation,  and  almost  real-time  data  processing. 

As  far  as  the  actual  accuracy  of  deformation  surveys  is  concerned,  the  main  limiting 
factors  are  not  the  instrumental  errors  but  the  environmental  influences. 
Atmospheric  refraction  (tropospheric  and  ionospheric)  is  still  the  number  one  factor 
in  any  electromagnetic  and  electro-optical  geodetic  surveys  despite  the  application 
of  dual  frequency  measuring  systems  which  are  still  too  expensive  for  engineering 
applications.  Thermal  influences,  affecting  the  mechanical,  electronic,  and  optical 
components  of  the  instruments  (in  any  type  of  instrumentation)  as  well  as  the 
stability  of  the  stations  involved  in  the  monitoring  scheme,  are  another 
environmental  source  of  errors.  In  long-term  measurements,  the  instrumental 
repeatability  (precision)  may  be  affected  by  aging  of  the  electronic  components  and 
resultant  drift  of  the  instrumental  readout.  Proper  calibration  techniques  may 
reduce  the  last  two  effects. 

It  is  not  a  purpose  of  this  report  to  discuss  and  list  ail  the  new  types  and  models  of 
instruments  used  in  monitoring  surveys  because  there  is  such  a  vast  technical  and 
commercial  literature  avsulable  on  the  subject  that  all  participants  of  this  congress 
certainly  are  familiar  with  all  the  new  developments.  Only  general  comments  on 
the  different  techniques  are  given  below. 

Traditionally,  the  monitoring  techniques  have  been  categorized  into  three  broad 
groups,  according  to  the  main  groups  of  professionals  using  the  technique: 

•  geodetic  surveying  (space  and  terrestrial)  and  photogrammetric  measurements 
(aerial  and  close  range  terrestrial) 

•  geotechnical  and  structural  engineering  measuring  techniques  (direct 
measurements  of  deformations  using  strainmeters,  various  types  of 
extensometers,  suspended  and  inverted  pendula,  tlltmeters,  Inclinometers, 
various  deformeters,  etc.) 

•  special  non-geodetic  (industrial  metrology)  techniques  of  high  precision 
(interferometric  measurements,  hydrostatic  levelling,  precision  alignment,  new 
holographic  methods,  etc.) 

The  above  classification  has  also  been  connected  with  the  historically  different 
purposes  and  different  accuracies  produced  by  the  three  groups  of  instrumentation 
in  the  past.  Even  within  the  geodetic  surveying  methods,  the  space  techniques 
used  to  be  classified  separately  from  the  terrestrial  and  photogrammetric 
techniques  because  to  their  different  applications.  Due  to  the  technological 
progress  of  the  last  decade,  however,  this  differentiation  of  techniques,  at  least  from 
the  accuracy  point  of  view,  becomes  artificial.  For  example,  the  recently  developed 
3-D  coordinating  systems  with  electronic  theodolites  which  employ  the  traditional 
terrestrial  surveying  methodology,  currently  replace  the  opto-mechanical 
techniques  of  the  highest  precision  in  industrial  metrology  measurements  [Wilkins 
et  al.,  1 988).  Also,  dose-range,  real-time  photogrammetric  techniques  with  solid 
state  cameras  (CCD  cameras)  compete  successfully  with  traditional  industrial 
metrology  techniques  [Gruen  and  Kahmen,  1989).  New  space  techniques  like  the 
Global  Positioning  System  (GPS),  even  before  the  system  is  fully  operational,  give 
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the  accuracy  which  is  compatible  with  precision  terrestrial  surveys  over  medium 
distances  (several  kilometres),  and  much  higher  relative  accuracy  over  long 
ranges.  For  instance.  GPS  measurements  have  been  successfully  combined  with 
first-order  geodetic  levelling  in  ground  subsidence  studies  in  oil  fields  in  Venezuela 
(Leal.  1989].  Thus,  the  technological  gap  between  the  regional  and  very  local 
deformation  measurements  is  narrowing  and  the  array  of  different  types  of 
instruments  available  for  any  type  of  deformation  studies  has  been  significantly 
broaden.  Surveyors  should  more  than  ever  grasp  the  advantage  of  the  variety  of 
instrumentation  available  to  design  optimal  monitoring  schemes. 

There  are  still  some  limitations  to  geodetic  surveying  methods  in  comparison  with 
geotechnical  techniques.  Geodetic  and  photogrammetric  surveys  are  limited  only 
to  open  areas  and  cannot  be  used  in  detecting  local  deformations  inside  the 
material  of  the  deformable  body.  Deformations  in  foundations  of  large  engineering 
structures  and  relative  movements  of  different  soil  and  rock  layers  in  slope  stability 
studies  are  examples  in  which  the  geotechnical  type  of  instruments  must  be  used 
[Chrzanowski,  1986].  An  excellent  review  of  the  geotechnical  instrumentation  is 
given  by  Ounnicliff  [1 988]. 

Geotechnical  instrumentation  can  be  easily  adapted  for  continuous  and  telemetric 
data  acquisition  with  an  instantaneous  display  of  deformations  which  is  very 
advantageous  in  comparison  with  the  slow,  labour  intensive,  terrestrial  surveys. 
The  recently  developed  survey  robots  with  motorized  electronic  theodolites  and 
built-in  vision  system  (e.g.,  Wild  ATMS  and  Geodimeter  servo-robot  140SR  [Gruen 
and  Kahmen,  1989])  cannot  compete  with  the  geotechnical  instrumentation  which 
does  not  require  intervisibility  between  the  stations  and  is  operational  practically  in 
any  environmental  conditions.  The  geotechnical  and  particularly  special  non- 
geodetic  instruments,  such  as  invar  wire  extensometers,  laser  interferometers, 
diffraction  aligning  equipment,  and  laser  holography  [Takemoto,  1989],  offer 
accuracies  in  the  order  of  a  few  hundredths  of  a  millimetre  in  localized 
measurements. 

For  the  above  reasons,  the  trend  in  the  last  few  years  has  been  to  adopt 
geotechnical  and  special  non-geodetic  instrumentation  for  deformation  surveys  not 
only  in  the  areas  which  are  inaccessible  for  geodetic  and  photogrammetric  surveys 
but  also  in  studies  where  geodetic  monitoring  networks  could  have  been  used.  If  it 
continues,  this  tendency  may  lead  to  an  unhealthy  situation  in  which  the  usefulness 
of  the  geodetic  and  photogrammetric  surveys  will  become  underestimated  by  those 
who  favour  the  geotechnical  Instrumentation. 

Here,  one  should  point  out  to  those  who  advocate  the  use  of  geotechnical  methods 
that  the  geotechnical  instrumentation  also  has  weak  points  despite  the 
aforementioned  and  indisputable  advantages.  First  of  all,  the  measurements  are 
very  localized  and  they  may  be  strongly  affected  by  local  disturbances  (noise) 
which  do  not  represent  the  actual  deformations.  Since  the  local  observables  are 
very  often  not  geometrically  connected  with  observables  at  other  monitoring 
stations,  any  global  trend  analysis  of  the  deformations  is  much  more  difficult  than  in 
the  case  of  geodetic  surveys  unless  the  observing  stations  are  very  densely 
spaced.  The  geomechanical,  rock  mechanics,  and  structural  engineers,  who  are 
the  main  users  of  the  geotechnical  instruments,  are  usually  less  acquainted  than 
survey  engineers  and  geodesists  with  the  evaluation  of  the  measuring  data  and 
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calibration  of  mGasuring  instrumants.  On  the  other  hand,  most  surveyors 
demonstrate  complete  ignorance  in  the  use  of  other  than  geodetic  techniques. 

One  could  cite  many  examples  of  deformation  analyses  being  conducted  on  the 
same  object  separately  by  both  survey  engineers  and  other  engineers  using  only 
their  own  survey  data  obtained  with  their  own  instrumentation.  Both  groups  have 
not  fully  recognized  the  advantages  and  disadvantages  of  various  measuring 
techniques  and,  perhaps,  they  have  not  known  how  to  combine  geodetic  and 
geotechnical  results  into  an  integrated  analysis,  which  is  briefly  discussed  in  the 
next  section. 

4.  ANALYSIS  OF  DEFORMATION  SURVEYS 
The  analysis  of  deformation  surveys  includes: 

•  geometrical  analysis  which  describes  the  geometrical  status  of  the  deformable 
body.  Its  change  In  shape  and  dimensions,  as  well  as  rigid  body  movements 
(i.e.  translations  and  rotations)  of  the  whole  deformable  body  with  respect  to  a 
stable  reference  frame  or  of  a  block  of  the  body  with  respect  to  other  blocks,  and 

•  physical  interpretation  which  explains  the  relationship  between  the  causative 
effects  (external  and  internal  forces)  and  deformations. 

Until  very  recently,  the  surveying  community  concentrated  mainly  on  geometrical 
analysis,  particulady  on  the  analysis  of  geodetic  monitoring  networks.  At  the  last 
FIG  Congress  in  Toronto,  the  aforementioned  FIG  ad  haa  Committee  on 
Deformation  Analysis  presented  a  detailed  report  [Chnzanowski  and  Chen.  1986] 
on  the  progress  in  geometrical  analysis,  and  the  members  concluded  that  all  basic 
problems  of  geometrical  analysis  had  been  solved  and  no  further  international 
activity  in  that  area  was  needed.  This  was  reflected  In  one  of  the  resolutions  of  the 
5th  FIG  Symposium  in  1988  which  reads  (ChrzanowskI  and  Wells,  1988,  p.  614]; 

Considering  the  history  and  actions  of  previous  international  symposia  on 
deformation  measurements  and  the  work  of  the  ad  hoc  committee  that  this 
symposium  comes  to  the  conclusion  and  complete  agreement  that  the  methods 
of  geometric  deformation  analysis  are  well  understood  and  have  readied  the 
standard  where  they  should  be  made  applicable  to  other  engineering 
disciplines. 

At  the  same  time,  the  Committee  decided  to  become  more  active  in  aspects  of 
physical  interpretation,  particularly  in  the  aspects  of  an  optimal  combination  of 
geometrical  analysis  with  the  physical  interpretation  for  the  purpose  of  a  better 
understanding  of  the  mechanism  of  deformations  and  a  better  design  of  monitoring 
surveys.  Extensive  reviews  of  the  up-to-date  methods  used  in  physical 
interpretation  have  been  given  in  Chen  and  Chrzanowski  [1986]  and  Chrzanowski 
et  al.  [1990].  A  brief  general  review  of  the  status  of  the  deformation  analysis  is 
given  below. 

4.1.  Geometrical  Analysis  of  Deformation  Sunreys 

When  analysing  geodetic  monitoring  surveys,  the  monitoring  networks  are 
classified  as; 

•  absolute  networks,  comprised  of  reference  points  established  outside  the 
deformable  body  and  of  object  points,  and 
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•  relative  networks,  in  which  all  the  survey  stations  and  observed  points  are 

located  on  or  within  the  investigated  object. 

The  main  problem  in  geometrical  analysis  of  absolute  networks  is  the  identification 
of  unstable  reference  points,  while  in  the  analysis  of  relative  networks, 
determination  of  the  deformation  pattern  in  space  and  in  time  domains  is  a  major 
concern. 

The  identification  of  unstable  reference  points,  so  important  in  defining  the  datum 
for  the  displacement  calculations  of  the  object  points,  has  been  a  subject  of 
intensive  investigation  over  the  past  several  decades.  According  to  Lazzarini  and 
others  [1977],  Zolly  and  Lang  of  Switzeiland  were  among  the  first,  in  the  1920s,  to 
advocate  the  inspection  of  differences  of  raw  observations  rather  than  differences 
of  datum  dependent  coordinates  in  identifying  unstable  reference  points,  in  the 
1960s  and  1970s.  Lazzarini  developed  the  whole  school  of  thought  in  deformation 
analysis  based  on  the  estimation  of  the  displacements  directly  from  differences  of 
observations  rather  then  from  single  epoch  adjusted  coordinates.  He  developed  a 
method  [Lazzarini,  1975]  to  identify  unstable  reference  points  based  on  a 
minimization  of  the  displacements  through  a  transformation  of  the  displacements. 
In  the  1970s,  another  school  of  thought  was  initiated  by  Pelzer  [1971 : 1974]  based 
on  statistical  testing  (congruency  test)  of  quadratic  forms  of  the  residuals  of 
observations  obtained  from  single  epoch  and  simultaneous  two-epoch  adjustments 
of  the  monitoring  network.  The  two  schools  of  thought  have  led  to  the  development 
(in  most  cases  in  an  independent  way)  of  several  methods  of  the  identification  of 
unstable  reference  points  which  may  categorized  Into  two  groups: 

•  those  based  on  the  congruency  test  [Pelzer  1974;  van  Mierlo.  1978;  Niemeier. 

1981 ;  Heck.  1983;  GrOndig  et  al.,  198^,  and 

those  based  on  defining  the  datum  which  is  robust  to  unstable  reference  points. 

•In  the  first  case,  a  failure  In  the  congruency  test  is  followed  by  a  search  for  the  new 
congruency  test  which  has  the  minimum  statistic.  The  test  statistics  are  calculated 
by  in  turn  removing,  one  by  one,  points  from  the  set  of  reference  points  until  all  the 
unstable  points  are  identified.  In  the  second  case,  one  of  the  developed  strategies 
is  based  on  an  iterative  weighted  similarity  transformation  of  the  displacements 
until  the  first  norm  of  the  vector  of  the  displacements  of  the  reference  points  is 
minimized  [Chen.  1983;  Chrzanowski  et  al..  1986b].  A  similar  method  is  used  by 
Caspary  [i  984]  by  minimizing  the  summation  of  the  lengths  of  the  displacements 
for  all  the  reference  points.  All  the  above  methods  give  compatible  results,  and  one 
may  say  that  the  problem  of  identifying  unstable  points  has  been  solved  and  no 
more  research  is  needed  in  this  area. 

Analysis  of  relative  monitoring  networks  is  more  complicated.  The  deformation 
pattern  and  general  trend  of  the  deformation  in  the  space  domain  may  be  identified 
from  the  relative  displacements  through  the  aforementioned  iterative  weighted 
transformation  of  the  displacements.  Welsch  [1983]  proposes  to  identify  the  trend 
by  dividing  the  deformable  body  into  smaller  elements  and  by  assuming  a  linear 
deformation  in  each  element.  The  trend  is  then  deduced  from  the  differences  in  the 
deformation  parameters  (strains)  in  each  element.  The  deformation  trend  in  the 
time  domain  is  obtained  from  the  analysis  of  time  series  of  observations  for  each 
observable  [Prescott  et  al..  1981;  Chrzanowski  et  al..  1989a].  Some  authors 
assume  the  deformation  between  two  epochs  of  observations  to  be  linear  in  time 
and  estimate  just  the  displacement  rate  for  each  surveyed  point  (e.g..  Papo  and 
Perel muter  [1982]).  j  k  v  a .  u 
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The  deformation  trend  is  used  in  selecting  a  deformation  model  which  would 
describe  the  actual  geometrical  status  of  the  deformed  object.  As  accepted  by  the 
FIG  ad  hoc  Committee,  the  deformation  of  a  3-D  body  is  fully  described  if  nine 
deformation  parameters  (six  strain  components  and  three  differential  rotation 
components)  can  be  determined  at  each  point  of  the  object.  These  parameters  can 
be  calculated  from  well-known  strain-displacement  relationships  if  a  displacement 
function  representing  the  deformation  of  the  object  is  known.  In  addition, 
components  of  relative  rigid  body  motion  between  blocks  should  also  be 
determined  if  discontinuities  exist  in  the  body.  Thus,  as  suggested  by  some  earlier 
authors  (e.g.  Czaja  [1971];  Platek  [1974])  and  as  refined  and  generalized  within  the 
activity  of  the  FIG  ad  hoc  Committee  [Chrzanowski  et  al.,  1982;  Chen,  1983],  the 
main  task  of  geometrical  analysis  is  to  find  a  deformation  model,  expressed  in 
terms  of  a  displacement  function,  which  characterizes  the  deformation  in  space  and 
time.  Since,  in  practice,  deformation  surveys  involve  only  discrete  points,  the 
function  describing  the  displacement  field  must  be  approximated  through  some 
selected  model  which  fits  into  the  observation  data  (e.g.,  the  relative  displacements 
in  the  case  of  the  relative  geodetic  network)  in  the  best  possible  way.  If  no  a  priori 
Information  (the  deformation  trend  or  a  prediction  model)  of  the  expected 
deformation  is  available,  a  process  based  on  fitting  a  general  polynomial  with  an 
iterative  elimination  of  the  insignificant  coefficients  has  been  proposed  by 
Chrzanowski  et  al.  [1983]  and  Chen  [1983]  until  the  best  (statistically)  model  is 
obtained.  The  least-squares  criterion  is  commonly  used  for  the  estimation  of  the 
deformation  parameters.  The  technique  of  robust  estimation,  however,  which  is 
less  sensitive  to  model  errors,  has  also  been  proposed  [Caspary.  1988]. 

Recently,  survey  engineers  have  become  more  involved  in  the  analyses  of 
integrated  monitoring  schemes  in  which  geodetic  (space  and  terrestrial)  and 
photogrammetric  surveys  are  combined  with  geotechnical  and  other  non-geodetic 
measurements  (direct  measurements  of  strain,  tilt,  inclination,  etc.).  The  process  of 
geometrical  analyses  of  integrated  surveys  is  basically  the  same  as  outlined  above 
for  geodetic  monitoring  networks  as  long  as  the  approximate  coordinates  of  ail 
survey  stations  are  known.  The  displacement  field,  in  this  case,  is  determined 
through  fitting  a  selected  deformation  model  (expressed  in  terms  of  displacement 
functions)  directly  to  the  raw  observations.  Functional  relationships  between  any 
type  of  observables  and  displacements  of  involved  survey  stations  are  given  in 
Chen  [1983],  Secord  [1985],  and  Chrzanowsid  et  al.  [1986b]. 

Chrzanowski  et  al.  [1989a]  and  Chrzanowski  et  al.  [1986a]  give  two  examples  of 
the  integrated  geornetrical  analysis,  which  utilize  the  approach  given  above.  The 
first  example  describes  a  complex  integrated  analysis  of  a  power  dam  involving 
geodetic  and  various  geotechnical  measurements  (tape  and  borehole  rod 
extensometers,  pendula,  joint  meters).  The  second  example,  involving  geodetic, 
photogrammetric,  and  electronic  tiltmeter  measurements,  is  related  to  a  slope 
stability  study  in  a  mining  area.  Both  examples  indicate  that,  practically,  all  the 
basic  problerns  of  integrated  geometrical  analyses  have  been  solved.  The  only 
aspects  remaining  for  possible  further  research  are  the  choice  of  the  statistically 
best  deformation  model.  If  more  than  one  model  seems  to  fit  well  into  the  observed 
deformations,  and  modelling  of  systematic  errors  of  deformation  measurements,  if 
the  systematic  errors  differ  between  survey  campaigns.  For  instance,  when 
combining  GPS  with  levelling  surveys  in  ground  subsidence  studies  [Chrzanowski 
et  al.,  1988.  Steinberg  and  Papo,  1988],  the  GPS-derived  height  differences  may 


/ 


604.1/9 


be  contaminated  by  some  sources  of  bias  which  are  a  function  of  the  geometry  of 
the  satellites.  The  geometry  and  the  resulting  bias  may  be  different  in  each  survey 
campaign.  Thus,  the  systematic  errors  do  not  cancel  out  in  the  subsidence 
calculations,  if  the  bias  is  included  in  the  deformation  model  as  an  unknown 
parameter,  however,  its  value  and  its  significance  may  be  estimated  through  the 
integrated  analysis  because  levelling  and  GPS  measurements  are  not  affected  by 
the  same  systematic  errors  [ChrzanowsKi  et  al..  1989b]. 

Several  software  packages  for  geometrical  analysis  have  recently  been 
developed,  for  example,  DEFNAN  [Chrzanowski  et  al..  1986b].  PANDA  [Niemeier 
and  Tengen,  1988],  and  LOCAL  (GrOndig  et  al..  1985].  Some  of  them  (e.g., 
DEFNAN)  are  applicable  to  the  integrated  analysis  of  any  type  of  deformations, 
while  others  are  limited  to  the  analysis  of  reference  geodetic  networks  only. 

Generally  speaking,  all  problems  of  static  and  kinematic  geometrical  analyses  of 
deformation  surveys  have  been  solved.  Geometrical  analysis  of  dynamic 
deformations,  e.g.,  vibration  of  machines,  deformation  of  bridges  due  to  dynamic 
loads,  and  dynamic  behaviour  of  tali  buildings  under  wind  loading,  has  not  been  a 
subject  of  investigation  of  the  FIG  ad  hoc  Committee,  and  it  may  still  require 
additional  research.  The  main  interest  in  data  analysis  of  dynamic  deformations  is 
to  define  the  frequendes  of  the  osdilations  and  the  corresponding  amplitudes  of 
the  deformation.  The  Fourier  transformation  technique  may  be  employed  in  these 
cases.  Maurer  et  al.  [1988]  give  some  practical  examples. 

4.2.  Physical  Interpretation  and  Prediction  of  Deformations 

Physical  Interpretation  of  deformations  is  performed  to  determine  the  physical 
status  of  the  deformable  body,  the  st^e  of  internal  stresses  and,  generally,  the 
load-deformation  relationship.  Once  the  relationship  is  established,  the  results  of 
the  physical  interpretation  may  be  used  for  a  development  of  prediction  models. 
Through  a  comparison  of  predicted  defomiations  vwth  the  results  of  the  geometrical 
analysis  of  the  actual  deformations,  a  better  understanding  of  the  mechanism  of  the 
deformations  is  achieved.  Thus,  the  survey  engineers,  with  the  results  of  their 
integrated  geometrical  analysis,  may  significantly  contribute  to  the  physical 
interpretation.  On  the  other  hand,  the  prediction  models  which,  in  most  cases,  are 
developed  by  other  specialists,  supply  information  to  surveyors  on  the  expected 
deforrnation,  facilitating  the  design  of  the  monitoring  scheme  as  well  as  the 
selection  of  the  deformation  model  in  the  geometrical  analysis.  Unfortunately,  the 
above  scenario  of  the  truly  interdisciplinary  approach  to  the  design  and  analysis  of 
deformation  surveys  has  not  yet  been  fully  implemented  in  practice.  The  reasons 
are  an  inadequate  understanding  by  surveyors  of  the  methods  of  the  physical 
interpretation  and  inadequate  familiarization  of  other  specialists  with  the 
comparatively  new  methods  of  geometrical  analysis  of  integrated  surveys.  Within 
the  last  few  years,  one  can  see  progress  in  the  right  direction,  at  least  within  the 
survey  community,  with  more  papers  on  the  physical  aspects  of  deformations  being 
presented  at  the  surveying  and  geodetic  meetings  and  conferences  (e.g.,  Chen 
and  Chrzanowski  (1986];  Teskey  [1986]:  Milev  [1988];  Szostak-Chrzanowski 
[1988]:  Chrzanowski  and  Chen  [1990]).  Only  a  few  comments  on  the  methods  of 
physical  interpretation  are  given  in  this  presentation. 

The  determination  of  the  load-deformation  relationship  may  be  obtained  by  using 
either  of  the  two  methods: 
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•  a  statistical  method  (regression  analysis),  which  analyses  the  correlations 
between  observed  deformations  and  observed  loads  (external  and  internal 
causes  producing  the  deformation)  and 

•  a  deterministic  method,  which  utilizes  information  on  the  loads,  properties  of  the 
materials,  and  physical  laws  governing  the  stress-strain  relationship. 

The  statistical  method  is  of  an  a  posteriori  nature  because  it  utilizes  the  past  data 
through  a  regressive  analysis  in  establishing  an  empirical  prediction  model  of 
deformations  as  a  function  of  loads.  The  deterministic  method  is  of  an  a  priori 
(design)  nature.  Due  to  difficulties  in  solving  usually  complex  differential 
equations,  which  describe  the  relationship  between  the  external  forces  and  internal 
stresses,  the  deterministic  method  is  based  on  approximate  solutions  using 
numerical  methods.  The  finite  element  and,  to  a  lesser  extent,  boundary  element 
methods  are  the  most  popular  and,  perhaps,  the  most  powerful  tools  in  numerical 
analysis. 

The  statistical  method  has  been  used  in  engineering,  for  instance,  in  dam 
deformation,  for  several  decades,  while  the  deterministic  method  could  have  been 
employed  only  after  large  computers  became  available.  Therefore,  there  is  still  an 
open  field  for  research  in  the  applications  of  the  deterministic  method. 

in  a  comparison  of  the  two  methods  of  physical  interpretation,  each  has  its 
advantages  and  drawbacks.  The  statistical  method  does  not  require  knowledge  of 
the  material  properties  of  the  deformable  body  which,  sometimes,  may  be  difficult  to 
determine.  From  the  point  of  view  of  prediction,  good  agreement  between  the 
predicted  deformations  and  the  observed  ones  is  usually  obtained  if  a  long  series 
of  observations  of  both  the  deformations  and  the  causative  effects  are  available.  A 
separation  of  different  effects  is  sometimes  difficult  in  the  statistical  method  when 
the  different  causative  factors  are  strongly  correlated.  On  the  other  hand,  the 
deterministic  method  does  not  require  any  observations  of  the  actual  deformations. 
Therefore,  it  is  the  only  method  for  predicting  deformations  at  the  design  stage  of  a 
new  engineering  project.  Due  to  many  uncertainties  in  deterministic  modelling, 
however,  including  imperfect  knowledge  of  the  material  properties,  wrong 
modelling  of  the  behaviour  of  the  material,  and  approximation  in  calculation,  the 
accuracy  of  predicted  deformations  using  the  deterministic  method  is  usually  low, 
particularly  in  geotechnical  projects  dealing  with  non-linear  behaviour  of  soil  and 
rocks.  Therefore,  a  combination  of  both  methods  is  recommended.  For  instance, 
various  empirical  prediction  models  of  ground  subsidences  in  mining  areas  have 
been  known  since  the  1 920s.  They  could  be  successfully  used,  however,  only  in 
cases  of  a  simple  geometry  of  the  mining  extraction  and  only  in  the  same  mining 
areas  and  in  the  same  geological  conditions  from  which  the  observation  data  for 
the  statistical  modelling  was  available.  Recently,  a  universal  and  successful 
method  for  ground  subsidence  prediction  has  been  developed  [Szostak- 
Chrzanowski,  1988]  which  is  based  on  an  iterative  non-linear  elastic  finite  element 
analysis.  The  method  has  not  been  developed  as  a  purely  deterministic  method, 
however,  because  it  uses  some  empirically  determined  general  properties  of  rocks 
treated  as  non-tension  material. 

Many  examples  of  a  simplified  combination  of  two  methods  of  interpretation 
concerning  dam  deformations  have  been  given  in  ENEL  (1980).  They  calibrated 
the  constants  of  the  material  properties  using  the  discrepancies  between  the 
displacements  of  a  point  at  different  epochs  calculated  from  FEM  and  the 
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measured  ones.  One  must  be  aware,  however,  that  It  the  real  discrepancy  comes 
from  other  effects  than  the  incorrect  values  of  the  constants,  the  model  may  be 
significantly  distorted. 

Recently.  Chrzanowski  et  al.  [1990]  have  developed  a  concept  of  global 
integration,  where  all  three  —  the  geometrical  analysis  of  deformations  and  both 
methods  of  physical  interpretation  —  are  combined.  Using  the  concept, 
deformation  modelling  and  understanding  of  the  deformation  mechanism  can  be 
greatly  enhanced,  ipie  research  is  in  progress. 

5.  CONCLUSIONS 

Summarizing  this  report  on  the  status  of  deformation  monitoring,  analysis,  and 
prediction,  a  general  conclusion  is  that  within  the  activity  of  the  FIG  group  6C  over 
the  last  few  years,  most  attention  has  been  paid  to  and  most  significant  progress 
has  been  made  in  the  geometrical  analysis  of  deformation  surveys.  Presently, 
attention  is  being  shifted  towards  the  ph^cal  interpretation,  towards  integration  of 
geometrical  analysis  with  the  methods  of  physical  interpretation,  and  towards 
interdisciplinary  approach  to  the  design  and  analysis  of  deformation  surveys, 
far  as  future  activity  is  concerned,  more  research  and  international  cooperatio 
still  needed  in  the  areas  of: 

*  optimal  design  of  the  integrated  monitoring  schemes, 

*  adaptation  of  new  technologies  to  integrated  monitoring  sun^eys,  particularly  to 
monitoring  dynamic  deformations, 

•  development  of  procedures  and  techniques  for  calibration  of  geotechnical  and 
special  non-geodetic  instrumentation. 

•  further  developments  in  the  integration  of  geometrical  analysis  with  the  physical 
interpretation  methods  in  a  truly  integrated  and  interdisciplinary  analysis  of 
deformation  surveys. 
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Abstract 

Modem  electronic  and  sophisticated  optical  and  mechanical  instrumentation  provide 
the  survey  engineer  with  enhanced  accuracy,  ease  of  operation,  and  facility  in  dau 
collection.  Subtnillimetre  and  subsecond  accuracies  have  become  a  matter  of  routine. 
Measurements  can  now  be  done  vinually  at  the  press  of  a  single  button  or  automatically 
with  the  data  being  similarly  stored  and  eventually  processed.  Nonetheless,  most  sources 
of  error  still  persist  and  there  must  be  an  awareness  of  these  errors  in  order  to  fiilly  exploit 
modem  equipment  and  to  design  an  effective  monitoring  scheme.  Even  with  modem 
technology,  the  limitation  imposed  by  the  environment,  especially  through  refraction, 
dominates. 

In  the  context  of  comparing  repeated  campaigns  of  observations,  this  paper  pursues 
deformation  measurements  made  by  traditional  geodetic  instrumentation  and  the 
considerations  that  must  be  made  in  such  adaptation. 


1.  Introduction 


In  the  monitoring  of  deformations,  terrestrial  survey  methods  involve  the 
measurement  of  geometric  angular  and  linear  relationships  by  either  optical,  mechanical,  or 
electronic  means.  Many  of  these  methods  are  the  adaptation  of  conventional  geodetic 
positioning  methods  and  instrumentation  but  with  some  subtle  differences  in  the 
philosophy  of  measurement  and  with  stretching  instrument  performance  to  the  limit  of 
accuracy  and  precision. 

Although  the  trend  in  modem  technology  is  toward  the  utilization  of  elaborate  and 
sophisticated  extra-terrestrial  positioning  techniques  and  hence  their  repetition  in  the 
monitoring  of  deformations,  the  more  conventional  terrestrial  techniques  are  still  viable  in 
isolated  monitoring  schemes,  especially  for  economy  and  relative  accuracy. 

Modem  electronic  instrumentation  provides  enhanced  accuracy,  ease  of  operation, 
and  facility  in  data  collection;  however,  the  main  obstacle  to  precision  and  even  higher 
accuracy  is  sail  the  effect  of  the  measuring  environment,  the  earth's  atmosphere.  A  change 
in  the  velocity  of  electromagnedc  radiation,  due  to  temperature  gradients  across  and  along 
the  path,  results  in  curvature  of  the  line  of  sight  when  measuring  angles  or  when  levelling 
and  in  change  in  magnitude  (scale)  in  elecmH)pncal  distance  measurement  (EODM). 

The  references  and  suggested  readings  cover  well  most  of  the  aspects  of  the 
measurement  of  angular  relationships  (horizontal  angles  or  directions,  azimuths,  and 
venical  or  zenith  angles)  and  of  linear  relationships  (slope  or  horizontal  distances  and 
vertical  height  differences).  The  most  salient  of  these  will  be  presented  here,  including 
general  considerations  in  using  geodetic  methods  for  trxrnitoring  as  opposed  to  positioning 
and  in  the  concern  for  station  mark  or  pillar  stability  and  specific  considerations  when 
measuring  horizontal  and  venical  angles;  when  measuring  distances  by  optical, 
mechanical,  or  electro-optical  means;  and  when  measuring  height  differences  by  geometric 
levelling  or  by  trigonometric  height  traversing.  Also  discussed  is  the  concept  of  integrated 
monitoring  using  readily  available  commercial  systems  or  components  for  facility  in 
observation,  increase  in  speed,  and  enhancement  of  accuracy. 


2.  Using  Geodetic  Methods  for  Monitoring 


The  problem  of  deformation  monitoring  using  conventional  geodetic  (geometric) 
observables  may  be  divided  into  two  intentions; 

a)  reference  networks,  or 

b)  relative  networks 

as  illustrated  in  Figure  1.  In  order  to  describe  the  behaviour  of  a  well  defined  object  of 
interest,  a  reference  network  of  stations  (points  occupied  by  insmunentation)  is  established 
with  respect  to  which  the  behaviour  is  described  as  reflected  in  the  movement  of  the  object 
points.  The  stability  of  the  reference  stations  is  paramount  to  the  description  and  the 
observation  scheme  must  provide  for  this  ensurance  and  allow  for  a  contingent  reference  if 
instability  were  to  arise.  Also,  the  object  points  must  be  placed  on  the  body  of  interest  at 
appropriate  locations  and  in  sufficient  number  to  resolve  the  behaviour.  On  the  other  hand 
is  the  relative  network  in  which  all  the  stations  are  situated  on  the  body  and  the  description 
of  deformation  involves  all  of  the  stations  and  their  relative  movement.  In  this  case,  the 
stability  of  the  station  is  its  attachment  to  the  body  and  its  movement  properly  reflecting  the 
deformation  as  in  the  object  points  mentioned  above.  Hence,  in  both  types  of  network, 
there  should  be  concern  for  station  mark  or  pillar  stability  as  discussed  in  section  3  below. 

The  adoption  of  geodetic  methods  in  monitaring  requires  some  subtle  changes  in  the 
philosophy  of  roeasuremenL  Relative  positioning  and  rqieatability  over-ride  the  customary 
geodetic  concern  for  positioning  since,  in  monitaring,  it  is  the  change  in  position  rather 
than  the  position  itself  which  is  of  major  interest 

In  the  comparison  of  a  pair  of  campaigns,  the  random  errors  in  each  combine 
together  while  the  systematic  errors  would  cancel  in  the  differencing  provided  that  they 
were  of  the  same  nature  in  both  campaigns.  Two  avenues  of  analysis  are  available,  based 
on; 

a)  coordinate  differencing,  or 

b)  observation  differencing. 

The  former  involves  single  campaign  adjustments  and  provides  an  assessment  of  the 
consistency  of  the  observations  together  in  a  network  at  the  cost  of  requiring  a  complete 
configuration  as  is  required  for  geodetic  positioning  and  of  being  conuminated  by 
systematic  errors  of  which  there  is  no  account.  *nie  latter,  observation  differencing, 
obviates  the  necessity  of  a  complete  configuration  and  removes  the  contamination  except 
when  the  systematic  effects  do  not  persist  through  both  campaigns  as  would  be  the  case 
through  seasonal  variations,  especially  in  air  temperature  and  its  gradient  However, 
differencing  requires  that  the  same  observables  are  repeated  in  the  subsequent  campaigns 


and  that  the  same  instrumentation  and  observer  are  employed.  This  is  difficult  to  guarantee 
because  of  the  nature  of  some  observables,  notably  directions  which  have  an  orientation 
parameter  for  each  bundle,  and  because  of  the  usual  logistical  complications. 

The  differences  in  philosophy  between  monitoring  and  positioning  stem  from  these 
approaches.  Since  the  analysis  is  based  on  differencing,  the  absolute  scale  of  a  network 
does  not  have  to  be  determined.  It  is  only  necessary’  to  ensure  that  it  does  not  change  or 
that  its  change  can  be  well  determined.  The  former  case  would  occur  in  a  reference  pure 
triangulation  network  with  several  stations  proven  to  be  stable.  The  latter  would  be  the 
case  in  a  relative  trilateration  network  measured  by  well  calibrated  EODM  instruments 
(EODMI)  as  discussed  in  section  7.  If  observation  differences  are  taken,  these  two 
relaxations  are  allowed.  Further,  it  is  not  necessary  to  maintain  a  complete  configuration 
and  isolated,  but  repeated,  observations  may  be  used,  e.g.,  a  solitary  repeated  distance 
may  be  used  if  its  orientation  can  be  sufficiently  described  for  the  design  matrices.  This  is 
also  true  for  some  aspects  of  datum  defects.  If  the  network  is  isolated  and  yet  there  is  at 
least  one  reference  sight  that  is  distant  by  about  five  times  the  aperture  of  the  network 
[suggested  by  Chrzanowski  (1981)],  then  the  orientation  of  the  network  or  subsections  of 
it  may  be  checked  by  several  of  these  sights  even  though  the  distances  to  the  sight  may  be 
known  only  approximately. 

The  requirement  for  a  complete  configuration  can  be  further  relaxed  to  having  targets 
eccentric  to  the  instrument  stations  as  shown  in  Figure  2,  for  a  simple  triangular 
component  of  a  network.  None  of  the  angles  involves  the  other  instrument  station  and  the 
misclosure  of  the  triangle  cannot  be  determined;  however,  the  relative  displacement  of  the 
three  stations  can  be  determined  from  the  changes  in  the  angles  since  each  target  is  firmly 
attached  to  its  associated  stadon.  This  would  more  likely  apply  to  a  reference  network  for 
which  the  supposiuon  is  that  the  stations  are  relatively  stable  and  a  significant  change  in 
the  value  of  the  angle  would  raise  suspicion  on  the  station  triplet  relative  stability  and 
would  require  investigation  and  further  analysis.  The  same  principle  would  hold  for 
eccentric  letroreflectors  for  EODMI. 

One  other  aspect  contrasting  monitoring  with  positioning,  the  duration  of  a  cam¬ 
paign,  may  be  obvious  but  should  be  mentioned.  Inherent  in  the  monitoring  process  is  the 
repetition  of  measurements.  The  frequency  of  repetition  is  closely  related  to  the  rate  at 
which  the  body  is  deforming.  Therefore,  it  is  essential  that  the  scheme  of  observing, 
especially  when  in  the  form  of  a  "network"  of  measurements,  endures  only  so  long  as  the 
campaign  would  appear  to  be  instantaneous  relative  to  the  deformation  rate.  Hence,  the 
duration  of  a  campaign  is  important  not  only  economically  but  also  with  regard  to 
capturing  the  whole  of  the  deformable  body  in  the  same  state.  As  a  consequence,  there  is 


then  not  likely  any  opportunity  for  remeasurement  if  a  blunder  is  detected  after  the 
campaign  or  if  measurements  are  to  be  added  to  strengthen  the  configuration  -  unless  the 
approach  to  the  analysis  is  capable  of  dealing  with  isolated  measurements.  A  strong  case  is 
thus  presented  in  favour  of  electronic  instrumentation  and  data  collection,  as  mentioned  in 
a  subsequent  section,  and  of  real-time  assessment  of  the  observations  as  they  are  being 
made. 

3.  Station  Mark  or  Pillar  Stability 

In  order  for  a  measurement  system  (theodolite  and  targets;  EODMI  and 
retroeflectors)  to  be  effective  in  its  reflecting  the  relationships  among  the  stations,  it  is 
necessary  that  the  system  be  appropriately  related  to  the  station  marks  -  this  is  commonly 
regarded  as  centering  in  horizontal  networks.  It  should  be  extended  to  including  the  height 
of  instrument,  target,  or  retroreflector  as  the  present  trend  is  to  measure  horizontal  circle, 
vertical  circle,  and  distance  simultaneously.  This  is  further  discussed  as  it  applies  to  the 
various  observables  in  the  sections  that  follow. 

It  is  also  necessary  that  the  station  marks,  whether  tablets  at  ground  level  or  concrete 
pillars,  reflect  the  behaviour  of  the  object  on  which  they  are  situated.  For  either  type,  it  is 
advisable  to  have  several  reference  marks  arranged  about  each  station  so  that  they  would 
not  likely  move  together  or  with  the  actual  station. 

Especially  if  at  an  appreciable  height,  concrete  pillars  can  exhibit  behaviour  that 
could  inadvertantly  contaminate  the  measurements  due  to  the  movement  of  the  plate  on  the 
top  with  respect  to  the  stable  base.  As  the  concrete  ages  and  dehydrates,  it  shrinks.  After 
13  months,  a  2  m  high  pillar  will  have  shrunk  by  0.8  mm  in  height  (Zwart,  n.d.).  As  the 
ambient  relative  humidity  changes,  the  concrete  will  swell  or  contract  at  a  rate  of  70%  of 
the  orginal  shrinkage.  This  would  be  especially  noticeable  between  summer  and  winter 
when  the  relative  humidity  may  change  from  -90%  to  nearly  0%  ,  along  with  temperature 
dropping  from  -30*C  to  <0’C  in  some  localities. 

Even  more  dangerous  is  the  lateral  movement  associated  with  the  bending  of  the 
pillar  as  a  consequence  of  its  differential  heating.  A  pillar  of  concrete  with  a  coefficient  of 
thermal  expansion,  C,  and  a  width,  W,  a  height,  H,  exposed  to  a  temperature  difference, 
AT,  between  its  two  faces,  will  bend  with  a  lateral  displacement  at  its  top  of  (Zwan,  n.d.) 

Ax  =  H2  AT  C  /  (2W)  (1) 

Typically,  solar  radiadon  on  a  pillar  in  winter  time  could  cause  a  temperature  difference  of 
-20  C  between  the  exposed  and  shaded  sides.  With  1.5  m  of  a  0.25  m  diameter  exposed, 
a  pillar  with  Cell  ppm/0>  will  be  displaced  1  mm  at  the  top  in  the  direcuon  away  from 


the  sun.  Often  pillars  are  constructed  with  an  outer  isolating  cylinder  or  they  may  be 
loosely  wrapped  with  50  mm  to  75  mm  thick  foam  padding  or  totally  shaded. 

Very  useful  discussions  may  be  found  in  Kobold  (1961)  and  in  Deaiinger  (1974). 

4.  Horizontal  Angies,  Directions,  and  Azimuths  by  Gyro-Attachment 

Although  the  procedure  for  the  measuring  of  angles  qf  directions  and  azimuths  is 
likely  familiar,  the  extra  care  required  in  the  monitoring  context  is  revealled  when 
regarding  the  expressions  for  the  contribution  to  the  variance  in  an  angle  measurement  by 
the  sources  of  random  error.  Considering  the  A  station  as  being  occupied  by  the  theodolite 
with  measurement  of  the  horizontal  angle  (in  one  position  of  the  telescope)  clockwise  from 
the  F  station,  distant  at  Sp  from  the  A  station,  to  the  T  station,  distant  by  Sj,  leads  to 
(Chrzanowski,  1977) 

=  CL2(cot(YF)2  +  COt(Yr)2) 

+  2op2 

+  20r2 

+  (  Op2/Sp2  +  +  (  0^2  /  (5p2  5.j,2)  )  (  Sp2  +  -  2  Sp  Sj  COS(P)  )  ] 

(2) 

The  four  components  are  the  contributions  in  variance  by  levelling,  Ci^,  pointing,  ap2, 
reading,  or2,  the  theodolite  and  by  the  centering  of  the  theodolite,  and  of  the  two 
targets,  Op2  and  Oj^. 

The  effect  of  mislevelment  depends  on  the  slope  of  the  line  of  sight,  described  by  the 
zenith  angle,  y.  The  maximum  effect  on  the  line  of  sight  as  it  is  brought  to  the  horizontal 
arises  from  the  component  of  the  error  in  levelling,  e^,  which  is  along  the  trunnion  axis, 
transverse  to  the  line  of  sight  The  plaiw  of  the  line  of  sight  is  inclined  from  the  vertical  by 
the  amount  El-  This  skew  projection  results  in  an  error  in  the  horzontal  plane  of  ELCOt(Y). 
A  similar  consequence  stems  from  the  ability  to  level  the  instrument  which  is  considered  as 
a  random  error  with  the  contribution  in  variance  as  OL^ot(Y)2  for  each  line  of  sight  As  the 
line  of  sight  deviates  from  the  horizontal,  the  levelling  of  the  instrument  becomes  more 
critical.  This  is  well  known  in  astronomical  observations  and  precision  theodolites  are 
equiped  with  very  sensitive  striding  levels.  A  trunnion  axis  micrometer  was  incorporated 
into  the  Kem  DKM2-AM  single  second  precision  optical-mechanical  theodolite  and  utilizes 
a  biaxial  liquid  compensator.  The  Kem  E2  is  the  electronic  version  of  the  DKM2-AM  and 
has  circle  readings  made  with  respect  to  the  theodolite  axes  with  the  relationship  to  the 
vertical  resolved  with  the  same  type  of  biaxial  compensator  giving  mislevelment  com- 


ponents  along  and  transverse  to  the  line  of  sight.  The  output  from  the  £2  can  be  either  the 
raw  circle  readings  and  the  tnisleveltnent  components  or  the  compensated  vertical  and 
horizontal  circle  readings.  The  Wild  77002  and  T3000  are  electronic  versions  of  the  single 
second  opdcal-mechanical  automatic  T2  and  have  biaxial  compensators  in  the  same  manner 
as  the  E2.  Their  predecessors,  the  T2000  and  T2000S,  had  compensation  only  along  the 
line  of  sight,  as  found  in  the  77. 

The  variance  in  pointing,  Op^,  may  be  expressed  as  a  function  of  the  magnification, 
M,  of  the  telescope  and  may  vary  from  30"/M  to  60''/M  (Kissam,  1962;  Chrzanowski, 
1977;  Nickerson,  1978)  according  to  the  quality  of  the  sight  which  is  affected  by  the 
design  of  the  target,  the  length  of  sight,  s,  and  the  atmospheric  conditions.  For  a  single 
cross-hair  width  of  w^,  which  is  commonly  2"  to  3”  or  1  ppm  to  2  ppm  of  s,  the 
judgement  of  symmetry  and  centering  within  the  design  requires  a  background  that  is  at 
least  Wj;  +  1.2(s/M)/1000  wider  (Chrzanowski,  1977).  To  accommodate  a  variety  of  sight 
lengths,  the  design  should  incorporate  a  divergent  pattern  as  is  often  done  in  traversing 
targets  or  should  employ  a  pattern  of  concentric  annulars  which  would  allow  both 
horizontal  and  vertical  sighting  simultaneously.  High  precision  targets  of  the  latter  type  are 
available  from  Kern  or  Wild  for  sights  to  about  40  m  as  encountered  in  gallery  traverses. 
Kern  also  produces  a  small  half  cone  for  similar  horizontal  sights. 

In  the  use  of  an  optical  micrometer  with  a  least  division  of  1"  or  0.5”,  the  reading 
error  may  be  estimated  to  be  2.5"  or  1.3"  respectively  (Chrzanowski.  1977).  Electronic 
circle  reading  has  effectively  reduced  this  error  to  where  it  is  no  longer  easily  recognized 
but  is  in  the  order  of  0.3"  (Chrzanowski,  1984). 

Errors  in  centering  affect  the  angle  P  according  to  the  centering  at  each  of  the 
stadons,  a^,  Op,  and  Oj;  the  lengths  of  sight.  Sp  and  st*,  and  the  horizontal  angle  between 
them.  As  the  sight  lengths  become  short,  centering  becomes  cridcal.  This  is  especially  of 
concern  when  tripods  and  opdcal  plummets  are  used  instead  of  trivets  on  pillar  plates. 
Earlier  styles  of  tribrachs  did  not  allow  the  checking  of  centering  by  its  rotation  at  setdng 
up;  however,  most  modem  instruments  and  target  holders  incorporate  the  plummet  in  the 
alidade  ponion  allowing  rotadon.  Comnnonly  with  a  plummet  in  proper  adjustment,  for  an 
instrument  height  of  hj,  centering  can  be  done  to  0.0005  hj  [m].  On  the  other  hand,  trivets 
with  their  "forced"  centering  can  be  placed  to  within  0.0001  m. 

If  centering  and  levelling  are  done  before  each  of  Pi  in  n  sets,  then  the  variance, 
^Pm^*  mean,  Pij,.  can  be  expected  to  reduce  by  a  factor  of  1/n,  i.e.  =  op^/n. 
However,  in  some  situations,  especially  where  lateral  refraction  or  other  adverse 
observing  conditions  persist,  the  variance  associated  with  the  esdmadon  of  the  mean 
would  likely  be  a  better  indicadon  of  the  variance.  But,  this  would  require  a  stadsdcally 


amicable  number  of  sets,  at  least  3  or  4,  and  measurement  under  some  variety  of  those 
conditions. 

A  similar  discussion  can  be  made  for  the  measurement  of  a  round  of  directions  in 
which  each  direction  is  considered  individually.  Now.  Equation  (2)  simplifies  to 

Od^  =  OL^Ot(Y)2  +  Op2  +  Or2  +  (  0^2  +  )  /  Sj2  (3) 

Futher,  the  effects  are  the  same  and  the  same  case  is  held  in  favour  of  several  sets.  As  the 
number  of  directions  in  a  round  increases,  there  may  be  less  advantage  in  observing 
directions  rather  than  angles  if  the  stability  of  the  "stations”,  i.e.,  the  targets  or  the 
instrument  especially  if  on  tripods,  degrades  through  the  round  enough  to  contaminate  the 
observations.  In  such  a  case,  the  full  round  could  be  subdivided  into  several  subrounds, 
the  extreme  case  of  which  would  be  independent  adjacent  angles.  If  independent  angles  are 
observed,  then  the  angle  closing  the  horizon  should  be  included  to  provide  field  checks 
and  assessment.  Each  round  of  directions  should  be  observed  as  clockwise  in  the  direct 
aspect  and  counter-clockwise  in  the  reverse,  returning  to  the  first  sighting. 


Table  1.  Common  Precision  Theodolites 


Make 

Model 

Trunnion  Axis  Levelling 

M 

Od 

Notes 

Kem 

DKM3 

striding  level  (r’-2.5"/2mm) 

45x 

0.5" 

DKM2 

striding  level  (5‘’-6"/2mm) 

32x 

1" 

DKM2-AM 

trutmion  axis  micrometer 

32x 

1" 

E2 

biaxial  compensator 

32x 

<1" 

a 

WUd 

T3 

at  90°  left  and  right 

40x 

<1" 

T2 

same 

30x 

1" 

T2000 

same 

32x 

<1" 

b 

T2000S 

same 

42x 

<1" 

b 

T2002 

biaxial  compensator 

32x 

<1" 

b 

T3000 

biaxial  compensator 

43x 

<1" 

d 

AGA 

142 

same 

30x 

<2" 

c 

Notes  a)  electronic  DKM2-AM,  measures  every  300  msec,  add  any  DM500  series 
EODMI 

b)  electronic  T2,  measures  on  command,  add  any  DI~  series  EODMI 

c)  measures  on  command,  integrated  EODMI 

d)  note  b)  plus  panfocal  telescope  (for  industrial  metrology) 
see  also  Table  8 


Table  1  gives  an  indication  of  what  precision  theodolites  are  commonly  available  in 
North  America.  The  E2,  T2002,  T  3000,  and  Model  142  are  electronic  and  each  is  capable 
of  RS232C  interfacing  in  addition  to  the  marketed  data  collectors,  Alphacordl28,  GRE3, 
and  Geodat,  respectively.  These  will  be  discussed  further  in  the  section  on  integrated 


systems. 

Although  their  accuracies  would  likely  be  inappropriate  in  most  cases,  the 
measurement  of  azimuth  by  gyrO'attachment  might  still  be  considered  and  should  be 
mentioned.  The  Swiss,  Hungarian,  and  West  German  makes  of  relatively  precise 
gyro-attachments  yield  azimuths  with  standard  deviations  in  the  order  of  3"  to  5",  as 
shown  in  Table  2.  The  most  common,  the  GAKl,  would  yield  such  a  standard  deviation 
only  under  carefully  controlled  conditions  with  considerable  effort  (Jeudy,  1986).  The 

Table  2.  Common  Gyro-theodolites 
Make  Model  Notes 

Wild  GAKl  attachment.  +/-  30"  in  20  minutes  on  a  T2,  +/-  4.4”  in  15 

determinations  (Jeudy,  1986) 

Fennel  TKW  equivalent  to  GAKl 

MOM  Gi-Bll  30x  telescope, +/- 3"  to +/- 5"  in  30  minutes,  50  kg 

WBK  Gyrotnat  +/-  3"  in  7  minutes,  16  kg 

GAKl  usually  yields  a  standard  deviation  of  15"  in  an  azimuth  that  is  the  mean  from 
observation  at  each  end  of  the  line.  The  other  two  arc  integrated  gyro/theodolites  with  the 
lightest  and  most  rapidly  measuring  being  the  Gyromat  Both  are  quite  expensive  and  not 
so  readily  attainable. 

5.  Vertical  Angles  or  Zenith  Distances 

In  a  manner  similar  to  that  already  done  for  horizontal  angles,  the  random  error  associated 
with  a  single  zenith  distance,  7.  may  be  expressed  through 

0^2=  Ol^  +  Op2  +  Or2 

+  0-1-2  ( sin(7)2/sT2 )  +  aj,2  ( )  (4) 

in  which  the  levelling,  0^',  is  now  along  the  line  of  sight  and  the  "centering"  component  is 
related  to  the  knowledge  of  the  target  height,  Oy.  An  additional  term  is  introduced  to 
account  for  knowledge  of  the  refractive  index,  k,  which  may  be  estimated  from  the 
atmospheric  pressure,  p  [mb],  and  dry  bulb  temperature,  t  [K],  and  some  knowledge  of 
the  venical  temperature  gradient,  dt/dh  [Km'*],  by  (Bomford,  1977) 

k  =  502  ( p/t2 )  ( 0.0341  +  dt/dh )  (5) 

A  more  substantial  approximation  may  be  obtained  utilizing  a  series  of  gradient 
determinations,  derived  from  temperature  gradient  measurements,  and  the  terrain  profile 
(Greening,  1985). 


Unless  it  is  possible  to  observe  the  opposite  zenith  distance  along  the  line 
simultaneously  and  therefore  practically  compensate  for  the  curvature  due  to  refraction, 
then  the  effects  of  this  curvature  can  be  quite  substantial  (Greening,  1985)  and  a  great  deal 
of  caution  should  be  exercised  if  three  dimensional  positioning  and  monitoring  is 
attempted.  This  is  particularly  so  if  the  campaigns  are  to  occur  under  different  atmospheric 
conditions.  Differing  of  campaigns  would  not  remove  the  systematic  effects  since  they  are 
no  longer  common. 

6.  Alignment 

There  are  several  ways  of  determining  the  alignment  of  object  points  with  respect  to 
some  reference  line  created  or  defined  by  a  pair  of  reference  stations.  Lateral  displacement 
can  be  measured  either  indirectly  using  optical  methods,  by  angular  measurements,  or 
direedy  using  optical  means  or  mechanical  means  of  creating  the  reference  line.  The  direct 
optical  methods  using  alignment  telescopes  with  displacement  targets,  using  laser  with 
centering  detectors  or  with  diffiaction  zone  plates  or  with  Koster  prism  and  retroreflector, 
and  the  direct  mechanical  methods  using  steel  or  nylon  wires  and  optical,  mechanical,  or 
electronic  sensors  are  beyond  the  realm  of  geodetic  methods  and  are  covered  in 
Chrzanowski  (1987).  On  the  other  hand,  indirect  optical  methods  are  specific  applications 
of  traditional  horizontal  angle  measurement  and  are  considered  in  this  section.  Vertical 
alignment  is  a  special  application  of  height  differencing  as  covered  in  a  subsequent  section. 
Horizontal  alignment  is  commonly  regarded  as  "centering"  which  is  not  so  much  a 
measurement  as  a  constraint  on  two  dimensional  displacement  from  a  venical  reference 
line;  however,  with  appropriate  scales  the  amount  of  displacement  can  be  measured. 

6. 1  Lateral  Alignment  by  Indirect  Optical  Means 

The  choice  among  the  four  methods  of  angular  measurement  from  which  the  lateral 
offset  or  displacement  is  derived  may  be  made  by  considereing  the  lengths  of  sight,  the 
number  of  angles  to  be  measured,  and  the  resultant  accuracy  in  the  offset  determination. 
The  four  methods  may  be  called  (Chrzanowski,  1981) 

a.  closed  traverse, 

b.  open  or  f  itted  traverse, 

c.  single  sution  small  angle,  and 

d.  separate  point  included  angle 

and  are  illustrated  in  Figure  3  in  which  the  reference  line  is  defined  by  stations  Rj  and  R2 
(triangles)  in  between  which  are  the  object  points  Pi  (circles),  each  with  a  transverse  offset 


of  Xj  (heavy  lines).  The  offsets  have  been  greatly  exaggerated  with  respect  to  the  actual 
separation  of  the  stations  and  the  angles  are  usually  quite  flat  and  whether  the  angles  as 
shown  or  their  expleinents  are  measured,  the  same  effect  is  met. 

The  closed  traverse  consists  of  the  measurement  of  each  traverse  angle  Pi  at  the  Pi 
plus  the  closing  angles  at  Rj  and  R2.  If  the  Pi  are  equally  spaced  so  that  each  traverse  leg 
has  a  length,  s,  with  R2  being  (n->-l)s  from  Rj.  then  the  variance  in  radians  squared, 
of  angle  measurement  propogates  into  the  variance  of  the  offset,  Ox^.  at  Pi  as 

Oxi^  =  [j(i+I)(n+l*t)(n+2-i)]  [(2i+l)n-(2i2-2i-3)]  s^  op2 

/  (6(n+l)(n+2)(n+3)]  (6) 

The  open  or  fitted  traverse  is  the  same  as  for  the  closed  except  that  the  angles  at  Rj 
and  R2  are  not  measured.  Consequently,  the  variance  of  the  offset  at  Pi  is  given  by 

Cxi2  =  [i(n+l-i)]  [2i(n+l-i)+ll  s2  op2  /  [6(n+l)]  (7) 

The  sacrifice  in  accuracy  by  neglecting  the  two  end  angles  may  be  illustrated  in  an  example 
considering  n=7  points  spaced  at  s=100  m  so  that  R2  is  800  m  from  R^.  At  the  centre 
point,  P4,  i=4  so,  with  angles  having  op2ss(0.5")2,  the  closed  traverse  results  in  an  offset 
variance  of  ax4^=(0.5  mm)2  and  the  open  traverse,  Ox4^(0.8  mm)2. 

By  occupving  only  one  of  the  end  stations,  say  Rj  as  in  Figure  3c,  and  by 
measuring  only  the  small  angle  between  the  reference  line  and  the  object  point  Pi,  which  is 
Si  from  R],  the  offset  variance  is  a  direct  propogation  as 

Oxi2  *  s2  op2  (g) 

with  ap2  in  radians  squared.  As  in  the  above  example,  at  P4  which  is  400  m  from  Rj, 
Cxp-  is  now  (1.0  mm)2. 

If  only  the  object  point.  Pi,  were  occupied  and  just  the  included  angle.  Pi,  measured 
as  shown  in  Figure  3d,  then  the  offset  becomes  proportional  to  the  deflection  angle.  If 
point  Pi  is  Si  from  Ri  and  R2  is  Sj  from  Rj,  the  offset  xi  may  be  obtained  from 

Xi  =  (Jl-Pi)(ST-Si)Si/ST  (9) 

with  Pi  in  radians  and  the  arrangement  of  R]  ii>  nearly  a  straight  line.  From  this,  the 
variance  of  the  offset  may  be  obtained  by 

Oxi^  =  xi2api2/(7t-pi)2  (10) 

For  the  above  example,  Si  is  400  m,  sj  is  800  m,  and  now,  with  an  angle  of  180*S9'3r, 
the  offset  is  30.0  mm  +/-  0.5  mm.  If  the  offset  were  60.0  mm,  its  variance  would  still  be 
(0.5  mm)2  since  the  deflection  in  the  denominator  of  (10)  compensates  for  the  increase  in 
offset. 

Taking  op2  s  (0.5'’)2  is  typical  of  such  alignment  endeavours  using  a  DKM3,  E2,  or 
T2000;  however,  the  lengths  of  sight  and  particularly  possible  lateral  refraction  should  be 
regarded  when  choosing  which  method  to  employ.  In  these  expressions,  only  the  random 


error  associated  with  the  angle  measurement  has  been  considered  and  the  method  of 
centering  will  add  directly  to  the  variance  of  the  offset.  More  serious  is  the  effect  of  lateral 
refraction  (Chrzanowski  et  al.,  1976)  that  would  be  encountered  in  the  longer  sights 
associated  with  the  small  angle  and  included  angle  methods.  Nonetheless,  the  curvature 
due  to  refraction  is  systematic  and  if  the  traverse  were  along  a  slope,  for  instance,  where 
there  would  be  a  similar  effect  on  each  traverse  leg.  then  the  effect  would  be  cumulative. 
This  would  be  especially  serious  if  the  conditions  resulting  in  refraction  curvature  were  to 
vary  with  the  time  of  year  and  thus  be  peculiar  to  each  campaign.  The  difference  in  effect 
would  contaminate  the  resultant  differences  in  alignment  in  campaign  comparisons. 


Table  3.  Precision  Optical  Plummets 


Make 

Model 

Type 

Range 

Accuracy 

Kem 

OL 

nadir  and  zenith 

100  m 

1  in  50000 

Wild 

ZNL 

nadir  and  zenith 

100  m 

1  in  30000 

WUd 

ZL 

zenith,  automatic 

100  m 

1  in  200  000 

Wild 

NL 

nadir,  automatic 

100  m 

1  in  200  000 

Zeiss  Jena 

PZLIOO 

zenith,  automatic 

100  m 

1  in  100000 

6.2  Horizontal  Alignment  or  Centering 

Precision  optical  plummets,  a  sample  of  which  is  given  in  Table  3.  can  also  be  used 
to  measure  small  amounts  of  horizontal  relative  displacement  This  would  be  applicable  in 
the  horizontal  connection  through  a  borehole,  short  shaft,  gr  stairwell  between  two  levels 
in  a  structure  or  two  gallery  traverses  in  a  darrt  The  mechancial  equivalent  would  be  the 
suspended  or  inverted  pendulum  [see  Chrzanowski  (1987)].  The  major  restriction  in  the 
use  of  plummets  would  be  visibility  and  sturdiness  of  the  suppon  for  the  plummet.  The 
more  modem  models  have  automatic  "compensation"  or  creation  of  the  horizontal 
reference  against  which  a  perpendicular,  vertical  reference  sight  is  projected.  This  has 
resulted  in  a  tenfold  increase  in  accuracy  over  the  spirit  level  versions;  however,  the  same 
cautions  should  be  exercised  as  with  similarly  operating  levels. 

7.  Distance  Measurement 

Because  of  the  infusion  of  electronics,  the  surveying  instrument  industry  provides  a 
profusion  of  electro-optical  distance  measuring  insouments  (EODMl).  Their  convenience 
and  ease  of  operation  has  left  the  mechanical  measurement  of  distance  virtually  neglected. 
It  is  impressive  how  some  of  the  modem,  but  nx>re  specialized,  insimments  come  close  to 


rivalling  the  more  laborious  procedures  of  the  past  in  both  precision  and  accuracy.  Many 
of  the  commonly  found  EODMl  are  capable  of  accuracies  sufficient  for  all  but  the  m(»t 
particular  cases  of  deformation  measurement;  however,  this  is  not  without  some  efftvt. 
Further  to  this,  the  following  sections  extend  into  what  care  is  required  to  evaluate  the 
performance  of  a  particular  EODMl  and  to  achieve  dependable  measurements  under  a 
variety  of  conditions. 

Both  optical  and  mechanical  methods  still  have  application  since  very  few  EODMl 
are  capable  of  measuring  very  short  distances  (tens  of  metres).  The  mechanical  means, 
virtually  portable  extensometers,  verge  on  the  realm  of  geotechnical  instrumentation  and 
are  a  subtle  indication  of  how  far  ranging  is  the  the  surveying  engineer  as  an  expert  in 
measurement 

7.1  Distances  by  optical  means  -  the  subtense  bar 

Remarkably  enough,  the  subtense  bar  has  re-emerged  as  a  useful  means  of 
measuring  relatively  short  horizontal  distances,  to  about  5  m,  especially  if  the  distance 
cannot  be  mechanically  spanned.  A  precision  1  m  bar  of  invar  tubing  is  available  from 
Kem  and  results  in  an  accuracy  of  40  ppm  if  the  subtended  angle  can  be  measured  to  at 
least  +/-  1.3"  (Keller  and  Aeschlimann,  1976).  Now,  with  electronic  theodolites  capable 
of  subsecond  accuracy  with  a  minimum  of  effort,  such  an  angle  accuracy  is  readily 
attainable  as  opposed  to  the  at  least  4  sets  required  with  a  DKM2-A  (Keller,  1974). 

Table  4.  Wire  and  Tape  Extensometers 
Make  Model  As  Range  Accuracy  Restriction 

Using  invar  wire 

Kem  Distometer  ISETH  100  mm  to  30  m  -t-/-0.02mm  any  orientation 

(ZERN-SEPEM  Disdnvar  50  mm  to  106  m  -f/-0.03  mm  only  horizontal 

Rocktest  Distomatic  60  mm  to  24  m  +/-0.05  mm  any  orientation 

Using  steel  tape 

Rocktest  Convex  to  20  m  -i-/-0. 125  mm  any  orientation 

Solinst  MKII  to  20  m  <+/-0.1  mm  any  orientation 

7.2  Distances  by  mechanical  means  ■  extensometers 

Extensometers  are  generally  regarded  as  geotechnical  instruments  but  there  are 
several  models  manufactured  more  specifically  as  surveying  instruments,  as  summarized 
in  Table  4.  The  accuracy  of  the  first  three  is  attainable  through  the  use  of  invar  wire  in 
catenary.  In  the  measurement  of  a  distance,  a  specific  tension  in  the  wire  is  created  using 
either  a  calibrated  coil  spring  (Distometer  ISETH,  Distomatic)  which  allows  the  line  to  be 


in  any  spatial  orientation  or  a  counter  weight  (Distinvar)  which  restricts  the  instrument  to 
measuring  in  the  horizontal  but  to  over  a  much  greater  distance.  Both  the  Distomatic  and 
the  Distinvar  can  be  automated  and  adapted  for  continuous  recording. 

Although  used  for  its  low  coefficient  of  thermal  expansion  (about  0.8  ppm/C),  invar 
does  present  some  problems  in  its  use,  especially  since  submillimetre  accuracy  is  sought. 
Even  though  it  is  aged  somewhat  by  its  manufacturer,  invar  is  susceptible  to  catastrophic 
changes  in  length,  by  one  or  so  millimetres,  unless  it  is  further  aged  anificially  by  coiling 
and  recoiling  in  the  opposite  direction  or  sense  several  hundred  times.  Also  the  wire  must 
be  handled  with  a  great  deal  of  care,  not  only  to  prevent  obvious  physical  damage  but  also 
to  avoid  sudden  forces  on  the  wire,  e.g.,  hitting  or  dropping  the  coil  of  wire,  which  would 
likely  also  result  in  dimensional  changes.  It  is  advisable  to  have  several  duplicate  lengths 
for  multiple  measurement  and  as  a  check  against  changes  and  also  as  a  contingency  for  one 
section  becoming  unusable.  As  an  additional  check,  a  stable  reference  base  should  be 
regularly  measured  for  comparison  and  possible  "calibration"  of  the  extensometer.  The 
Distometer,  for  instance,  has  its  own  invv  fnune  for  calibrating  the  meter  and  a  weight  for 
calibrating  the  tensioning  device  (Kem  &  Co.  Ltd.,  1978).  A  constant  air  current  crossing 
the  wire  will  introduce  an  addidonal  lateral  sagging  which  introduces  a  false  lengthening  of 
the  distance  •  a  systemadc  effect  that  is  difficult  to  model. 

Commonly  used,  but  less  accurate,  are  tape  extensometers,  e.g..  Convex  and  MKII, 
which  operate  in  a  manner  similar  to  the  Disttxneter  ISETH.  In  contrast,  they  use  steel  tape 
perforated  at  25  mm  intervals  for  indexing  to  the  meter  portion.  This  makes  them  more 
convenient  since  the  tape  reel  is  an  integral  part  of  the  instrument  which  then  serves  for 
measuring  any  distance  to  aiu>ut  20  m.  With  its  larger  cross-section,  tape  is  more 
susceptible  to  false  lengthening  by  transverse  air  currents  and,  being  made  of  steel,  it  is 
more  sensitive  to  changes  in  temperature  (1 1  ppm/C*). 

7.3  Distances  by  electtx}-optical  means 

In  simplified  but  practical  terms,  the  concept  of  electro-optical  distance  measurement 
over  shon  ranges  may  be  represented  by 

s  =  mU +  d  +  z  +  c  +  E  +  As  (11) 

in  which  the  distance  is  an  integral  number,  m,  of  unit  lengths,  U,  plus  the  fractional  pan, 
d,  of  a  unit  length.  To  this  three  corrections  (known  systematic  effects)  are  applied:  z,  the 
zero  correction  or  additive  constant;  c,  the  cyclic  correction  having  characteristics, 
amplitude  and  phase,  depending  on  the  distance  or  the  noise  to  signal  ratio;  and  £,  a 
correction  for  noncyclic  effects,  the  magnitude  of  which  depends  on  the  distance.  The  final 
term.  As.  is  whatever  geometric  correction  that  is  applied  to  reduce  the  spatial  distance  to 


the  desired  ccunputational  suiface.  Funhn,  the  unit  length  may  be  decomposed  into 

U  *  ^mod  /  2  =  Co(l*nn*  n^ )  /  ( 2  n^  VmQj )  ( 12) 

in  which  the  modulation  wavelength,  Xmod,  described  in  terms  of  the  speed  of  light  in 
vacuo,  Cq*.  reference  refractive  index,  n|^;  actual  refractive  index,  n^.  at  the  time  of 
measurement;  and  the  fine  pattern  moduladon  frequency,  v,„o(). 

The  variance  of  such  a  distance  measurement  may  be  expressed  as 

Os^  *  a2  +  b2s2  +  (13) 

which  is  comprised  of  a  constant  or  distance  independent  component,  a^;  a  distant 
proportionate  component,  b^s^;  and  the  noninstrumental  portion,  OAs^>  ^sing  from  the 
reductions  applied  to  the  instrument  output.  The  first  two  terms  are  the  instrumental 
ponion  that  is  commonly  quoted  by  manufacturers  as  *'+/-  a  +/-  b"  and  a  common 
misconception  fails  to  recognize  that  the  standard  deviation  of  a  distance  is  0$  - 
and  erroneously  combines  the  two  by  direct  addititm.  The  constant  component,  a,  contains 
those  error  components  of  (1 1)  and  (12)  which  are  not  functions  of  the  distance, 

a2  =  0(i2  +  0z2  (14) 

The  dependent  component,  b^^,  contains  all  thc»e  errors,  the  amounts  of  which  may  vary 
with  the  magnitude  of  the  distance,  so 

^  /  ^(,2  +  On2  /  n2  +  Ov^  /  v2  +  (  0^.2  /  *2  +  ©^2  /  s2 )  (15) 

In  order  to  capture  the  ultimaie  accuracy  of  commonly  found  short  range  EODMI  and 
to  ensure  its  consistency,  several  tests  should  be  performed  routinely  with  the  use  of  the 
instruments.  Especially  if  repeated  measurerrwnts  are  to  be  compared,  each  of  the  above 
influences  must  be  regarded  in  the  light  of  observing  and  reduction  procedures  and 
corrections  from  calibration.  The  pursuit  of  full  details  is  strongly  recommended  from 
such  sources  as  Dracup  et  al.  (1982),  Fronczek  (1980),  Greene  (1977),  and  especially 
Riieger  (1980)  and  Riieger  (1990).  In  the  measurement  of  a  distance,  some  of  the 

Table  5.  Errors  Considered  in  the  Performance  of  an  EODMI 
Instrumental  Errors 

1 .  scale  (by  change  in  the  frequency  of  the  fine  measuring  pattern) 

2.  zero  error 

3.  cyclic  error 

4.  phase  inhomogeneities  in  the  light  emitting  and  photo  diodes 
Non-instrumental  Errors 

1.  centering  error 

2.  scale  (by  knowledge  of  n^  in  the  first  velocity  correction) 

3.  spurious  reflections,  esp^ially  when  weak  return  signal 

4.  r^uctions  to  a  computational  surface 

processes  or  characteristics  are  interrelated  and  their  individual  contributions  cannot  be 


readily  distinguished  or  isolated.  Hence,  they  have  been  classified  in  the  manner  as  given 
in  Table  5.  The  non-instrumenul  errors  are  controlled  by  observational  procedures 
including  ancillary  measurements.  The  characteristics  of  the  instrumental  errors  may  be 
determined  through  calibration  or  testing  so  that  corrections  may  be  applied. 

7.3.1  Non- Instrumental  Errors  and  Observadat  Procedures 

The  distance  measuring  system  consists  of  the  EODMl  itself,  possibly  a  theodolite 
upon  which  the  instrument  is  mounted,  the  retroreflcctors  at  the  other  station,  the 
mechanical  means  of  centering  or  reladng  the  instrumentation  to  the  stadon  mailcs,  and 
instrumentation  for  determining  the  atmospheric  conditions  at  the  dme  of  measurement, 
e.g.,  an  aspirating  psychrometer  for  dry  and  wet  bulb  temperatures  and  an  aneroid 
barometer  for  atmospheric  pressure.  Hence  the  operadon  of  the  system  entails  the  use  of 
much  paraphernalia,  each  piece  having  its  own  errors. 

The  determinination  by  a  distance  nwasuring  system  can  be  no  better  than  the  means 
by  which  it  is  related  to  the  stadon  marks.  If  the  instrumentadon  is  not  properly  centered, 
the  longitudinal  component  adds  to  the  zoo  error.  This  is  pardcularly  influendal  when 
using  tripods  and  tribrachs  with  non-rotatable  opdeal  plummets. 

The  centering  is  intimately  related  to  the  levelling  of  the  tribrach  and  the  more 
sensitive  target  vials  should  be  used  since  they  and  their  associated  plummet  can  be  rotated 
for  checking  through  90*  ari  180*.  This  should  be  checked  frequenUy  to  ensure  that  the 
set-up  was  maintained  during  the  mounting  of  the  EODMl  (e.g.,  the  Tellurometer  MAIOO 
is  very  awkward  at  17  kg)  and  has  not  drifted  off  level. 

The  first  velocity  correcdon,  via  the  value  of  n^.  is  determined  by  measuring  wet 
and  dry  bulb  temperatures  (for  the  water  vapour  pressure)  and  atmospheric  pressure  along 
the  line  of  sight  during  the  measuremenL  For  roost  shon  range  applicadons,  sampling  at 
the  two  stations  is  likely  sufficient  unless  they  are  not  representative  of  the  whole  line.  The 
ambient  refractive  index  may  be  obtained  from 

(nA-1)  =  (nc-l)  (273.16  p/(273.16+t)1013.25) 

-  11.20xl0-6e/(273.16+t)  (16) 

in  which  riQ  is  the  group  refiraedve  index  which  is  a  function  of  the  effective  wavelength  in 
vacuo,  p  is  the  atmospheric  pressure  [mb],  t  is  the  dry  bulb  temperature  of  the  air  [*C]  and 
e  is  the  partial  water  vapour  pressure  [mb]  which  is  a  function  of  t,  p,  and  t',  the  wet  bulb 
temperature  (Riieger,  1990).  The  differentiation  of  equation  16  reveals  the  tolerances  for 
these  ancillary  measurements.  The  error  in  n^  effects  the  same  error  in  the  distance.  For 
an  error  of  1  ppm,  the  dry  bulb  temperature  must  be  known  to  rC;  the  atmospheric 
pressure,  to  3  mb  (2.3  mmHg);  or  the  water  vapour  pressure,  to  25  mb.  Nomograms  and 


short  field  formula  often  neglect  the  term  for  partial  water  vapour  pressure.  Rigorous 
formulae  [e.g.,  Riieger  (1980),  Riieger  (1990)1  should  be  followed  for  high  precision  and 
on  longer  lines. 

In  order  to  enhance  the  determination  of  the  fraction  of  the  unit  length,  i.e.,  to  lessen 
a  number  of  determinations  should  be  made.  As  mentioned  below  regarding  the 
phase  inhomogeneities  of  the  diodes,  obtaining  the  maximum  level  of  return  signal 
strength  by  electronic  pointing  should  be  done  several  times.  In  order  to  obtain  an 
indication  of  the  repeatability  of  the  system,  three  or  four  groups  of  five  measures  with 
fresh  pointing  at  the  stan  of  each  group  is  suggested.  The  noise  of  the  resultant  mean  is  a 
measure  of  the  repeatability.  The  several  pointings  also  help  to  reduce  the  effects  of 
spurious  reflections  from  vehicle  reflectors,  mirrors,  windows,  etc.  that  may  occur  when 
using  less  efficient  reflectors  at  very  shon  range. 

The  various  geometric  reductions  are  treated  extensively  in  Rueger  (1990). 
Especially  at  short  ranges,  significant  error  could  result  from  insufficient  knowledge  of  the 
height  differences  between  the  instrument  and  the  reflector,  AH,  which  includes  the  station 
elevation  difference  and  the  apparatus  heights.  For  short  range,  the  total  differential  of  the 
reduction  formula  simplifies  to 

0^5  s  (AH Vs2)  (17) 

showing  that  as  the  distance  shonens,  the  knowledge  of  the  height  difference  becomes 
morecddcal. 

7.3.2  Instrumental  Errors  and  C^bration 

Some  characteristics  of  the  behaviour  of  an  EODMI  system  can  be  determined  by 
certain  types  of  controlled  observations  so  that  corrections  to  usual  measurements  might  be 
made.  Of  the  list  in  Table  5,  only  the  last,  phase  inhomogeneities,  is  a  test  to  illustrate  the 
quality  of  the  components,  while  the  others  yield  correction  values. 

The  frequency  of  the  fine  measuring  pattern,  is  generated  by  a  crystal 

oscillator,  the  stability  of  which  is  sometimes  controlled  by  its  being  kept  at  a  constant 
temperature  (e.g.,  MAI 00:  75*C)  in  contrast  to  the  ambient  temperature.  Some 
instruments  allow  for  the  monitoring  of  as  V3,  the  actual  frequency  during 
measurement.  The  output  is  then  scaled  by  the  factor  k  =  However,  most 

common  EODMI  do  not  have  such  facilities  or  they  have  such  a  mixture  of  signals  that  the 
separate  frequency  is  not  suitably  measureable.  Nonetheless,  the  scale  may  be  determined 
by  comparison  with  "known"  distances.  This  has  been  done  commonly  on  "calibration 
baselines”,  linear  arrays  of  a  series  of  supposedly  stable  concrete  pillars  with  forced 
centering  to  ±  0.0001  m  or  better.  It  has  been  advocated  to  solve  for  both  a  scale  factor 


and  the  zero  error  (see  below)  simultaneously  from  the  series  of  inter-pillar  baseline 
distances.  But,  1  ppm  is  only  0.0016  m  in  1600  m  and  the  lesser  distances  would  not 
enhance  the  knowledge  of  the  scale  factor.  Most  modem  reputable  instruments  are  stable 
well  within  usual  needs  (e.g.,  Kem  DM503  has  oscillator  stability  that  contributes  less 
than  1  ppm).  With  the  assumption  that  atmospheric  effects  and  the  zero  and  cyclic  errors 
have  been  removed,  the  comparison  of  several  long  distances,  at  least  to  resolve  1  or  2 
ppm,  would  serve  as  a  routine  diagnostic  of  consistent  behaviour. 

For  each  combination  of  EODMI  and  retro-reflector  there  is  an  amount  by  which  the 
optical/electronic  centres  are  longitudinally  offset  from  the  centres  related  to  the  station 
marks.  When  applied  to  the  output  to  bring  the  distance  to  be  between  the  mechanical 
centres,  this  amount  becomes  the  zero  correction  which  can  be  modelled  along  with  the 
network  adjustment  provided  the  same  combination  of  instrumentation  was  used 
throughout.  This  should  be  avoided  in  favour  of  analysing  baseline  measurements  for  the 
conection  since  it  has  been  found  to  be  unusually  sensitive  to  configuration  geometry. 
For  a  particular  combination,  the  z  may  be  determined  using  an  ideal  linear  array  of 
stations  -  the  calibration  baseline  -  which  do  not  need  to  be  concrete  pillars,  but  at  least 
forced  centering  on  tripods  that  will  remain  stable  throughout  the  campaign  of 
measurement  of  4  to  6  hours. 

Considering  the  cumulative  inter-station  distances  along  a  linear  array  as  the 
abscissae  along  an  x-axis,  with  zero  at  cHie  end  station,  leads  to  the  observation  equation 

Si  +  vj  =  xjj  -  xj  +  z  i  =  1,  2 . (p/2)(p-l)  (18) 

assuming  that  the  value  of  z  is  constant  over  the  range  of  Sj.  With  p  stations,  there  are 
(p/2)(p-l)  possible  one-way  distances  and  (p-1  +  1)  unknowns  -  the  (p-1)  abscissae  and 
the  z,  the  zero  error.  The  redundancy  of  ((p/2)(p-l)-p]  allows  least  squares  estimates  for 
the  abscissae  and  zero  error  and  estimates  of  their  accuracies.  The  zero  correction  is  Sj+z 
and  the  variance  of  z  is  contained  in  the  a^  term  of  equation  (13). 

Any  contaminating  electrical  signal  from  the  transmitter  to  the  receiver  will  perturb 
the  phase  with  maximum  effect  when  the  two  signals  are  relatively  displaced  by  7t/2  and 
will  be  null  when  by  zero  or  n.  The  error  as  a  function  of  distance  is  then  sinusoidal  with 
a  period  of  U  =  ^mod^  amplitude  proponional  to  the  ratio  of  the 

contaminating  and  received  signals,  i.e.  inversely  proponional  to  the  return  signal 
strength.  Hence  the  error  is  described  by 

c(s)  =  agsin  [(2n/U)  (s-h|>c)]  (19) 

for  which  the  amplitude  a^  for  a  given  return  signal  strength,  and  the  phase  of  the 
sinusoid,  may  be  determined  through  the  following  procedure. 

A  straight,  reasonably  level  rail,  graduated  every  0.050  m  (-h/-  0.001  m  or  better) 


through  the  unit  length  of  the  instrument  (commonly  10  m,  but  2  m  for  the  MA1(X))  serves 
to  guide  the  movement  of  a  retro-reflector  through  known  increments.  The  instrument  is 
aligned  to  the  travel  of  the  retro-reflector  at  a  distance  of  at  least  1(X)  m  from  the  least  of  the 
graduations  that  increase  away  from  the  instrument.  The  distance  should  be  enough  to 
allow  sufficient  attenuation  of  the  signal  by  an  iris  diaphragm  over  the  retro-reflector,  but 
not  so  far  that  meteorological  variation  would  affect  the  distances.  The  instrument  is 
pointed  electronically  several  times  and  the  mean  position  is  maintained  so  that  the  same 
ponion  of  the  diode  is  used.  Distances  are  measured  in  five  or  ten  repetitions  at  each 
position  of  the  retro-reflector  (e.g.  every  0.250  m  for  10  m,  every  0.1(X)  m  for  2  m)  from 
zero  to  U  and  from  U  back  to  zero.  The  variances  of  the  means  are  a  measure  of  the 
repeatability  and  steadiness  of  the  atmosphere  and  setup 

Each  of  the  (k+1)  measured  distances  may  be  modelled  as 

Si  =  dj  -  z  +  c  =  do’  -  z  +  xj  +  c  (20) 

The  zero  error  cannot  be  resolved,  but  it  does  not  have  to  be  applied.  The  initial  distance 
can  be  redefined  as  dg  =  (do  -  z)  and  with  the  deflnition  of  c  from  equation  (19),  the 
observation  equation  becomes 

Si  +  Vi  =  do  +  Xi  +  as  sin  [(2jt/U)(do+xi+<j)c)l  (21) 

Since  the  xj  arc  known  well  enough  to  be  considered  as  constants,  there  are  3 
unknowns:  the  intitial  distance,  do*,  the  amplutude,  as,  for  a  particular  return  signal 
strength;  and  the  phase,  <!>(;,  accompanying  this  value  of  the  amplitude.  The  redundancy 
and  the  sampling  through  the  whole  of  one  period  allows  their  least  squares  estimation. 
By  controlling  the  aperture  of  the  retro-reflector  with  a  variable  iris  diaphragm,  the  return 
signal  strength  can  be  attenuated  to  simulate  longer  distances.  Several  determinations  over 
the  working  range  for  the  instrument  will  yield  several  amplitudes,  hence  as,  to  which  a 
straight  line  may  be  estimated  for  interpolation. 

Often  expressed  in  terms  of  their  effect  on  the  zero  error  are  the  phase 
inhomogeneiues  across  the  diodes  -  pointing  error  for  the  light  emitting  diode  (LED)  of  the 
transmitter  and  apenure  phase  error  for  the  photo  diode  (PD)  of  the  receiver.  The  former 
would  remain  constant  provided  that  the  mis-aiming  were  consistent.  Both  could  vary 
non-linearly  with  distance  depending  on  the  nature  of  the  measuring  procedure. 

As  there  is  a  variety  of  small  time  delays  over  the  junction  in  the  LED,  there  are 
consequently  differences  in  phase  across  the  modulation  of  the  beam  collimated  by  the 
transmitter  optics.  At  any  appreciable  distance  from  the  instrument,  the  beam  width  is 
considerably  larger  than  the  diameter  of  the  retro-reflector.  Accordingly,  the  retro-reflector 
samples  only  a  portion  of  the  radiation  which  may  differ  in  phase  from  another  portion 
sampled  by  another  pointing.  The  internal  reference  signal  will  have  a  phase  that  is  the 


average  of  the  emitted  light.  Unless  the  sampling  and  subsequent  return  signal  is  of  a 
portion  having  the  same  phase,  the  discrepancy  would  be  interpreted  as  pan  of  the  delay 
due  to  the  distance  to  the  retro-reflector.  Also,  contamination  would  result  if  it  were 
different  from  the  pointing  or  portion  sampled  in  determining  the  zero  error.  This  quality 
may  be  depicted  through  a  pointing  diagram  which  indicates  the  care  necessary  in 
electronic  pointing  rather  than  offering  a  correction  (Greene,  1977;  Covell,  1979). 


Table  6.  Precision  EODMI 


Make 

Model 

Range 

a 

b 

Radiation 

Note 

Kern 

DM502 

2  km 

0.003  m 

2.0  ppm 

infrared 

DM503 

5  km 

0.003  m 

2.0  ppm 

infrared 

Wild 

DI4S 

700  m 

0.001  m 

infrared 

DI4L 

5  km 

0.005  m 

5.0  ppm 

infrared 

DI5 

5  km 

0.003  m 

2.0  ppm 

infrared 

DI20 

14  km 

0.005  m 

1.0  ppm 

infrared 

DI2002 

2.5  km 

0.(X)1  m 

1.0  ppm 

Kern 

ME3000 

2.5  km 

0.0002  m 

1.0  ppm 

Xenon  flash 

a 

ME5000 

8  km 

0.0002  m 

0.2  ppm 

HeNe  laser 

ComRad 

Geomensor  204  DME 

10  km 

0.0001  m 

0.1  ppm 

Xenon  flash 

a.b 

Tellurometer 

MAIOO 

2  km 

0.0015  m 

2.0  ppm 

infrared 

MA200 

1.5  km 

0.0003  m 

0.5  ppm 

laser 

TerraTechnol'y 

Tetrameter  LDM2 

20  km 

0.0001  m 

0.1  ppm 

HeNe,HeCd 

c 

SpectraPhysics  Geodolite3G 

35  km 

0.003  m 

0.2  ppm 

HeNe 

d 

Notes: 

"b"  is  an  instr-^f  al  value  [actual  values  for  equation  (13)  are  usually  2.0  ppm  or  more), 
a)  sample  cf  Li,  :  .rive  humidity  by  instrument 

))  also  remote  pling  of  t,  p,  and  relative  humidity  with  telemetric  link  to  instrument 

c)  refractive  index  from  comparison  of  two  wave  length  behaviour,  accuracy  is  a  or  b, 
whichever  is  the  larger. 

d)  requires  elaborate  remote  sampling  of  i,  p,  and  relative  humidity  (aerial  profiles) 


This  discussion  has  focussed  on  the  more  common  EODMI.  Precision  instruments, 
such  as  the  ones  in  Table  6  for  example,  and  especially  those  which  incorporate  some 
means  of  sampling  the  atmosphere,  e.g.  the  ME3000  and  the  Geomensor  204  DME, 
require  much  more  elaborate  formulation  for  reduction  of  the  instrument  output  into  actual 
spatial  distances.  The  additive  correction  and  geometric  corrections  are  the  same  in  essence 
but  there  is  no  cyclic  error  in  either  the  ME3000  or  the  Geomensor  since  each  utilizes 
optical-mechanical  phase  delay. 

One  other  type  of  electronic  distance  measurement,  the  laser  interferometer,  has  been 
adapted  from  its  customary  laboratory  environment  to  the  somewhat  controlled  atmosphere 
of  accelerator  setting  out  The  Hewlett-Packard  HPSS2SB  is  capable  of  measuring  distance 


differences,  between  two  tracable  positions  of  the  retroreflector  moving  at  a  speed  oi  less 
than  0.3  ins*^  to  60  m  with  a  standard  deviation  of  +/-  O.S  ixm/m  (Gervaise,  1981). 

8.  Height  Differences 

The  measurement  of  height  differences  has  been  traditionally  done  by  geometric  or 
differential  levelling.  Over  the  past  decade,  developments  in  very  compact  EODMI  and  in 
precision  electronic  theodolites  have  directed  interest  toward  trigonometric  height 
traversing  as  a  more  than  viable  alternative.  Even  so,  each  method  has  its  advantages  and 
applications  and  both  are  considered  in  this  section. 


8. 1  Geometric  or  differential  levelling 

The  use  of  a  precision  tilting  or  automatic  level  with  objective  parallel  plate 
micrometer  extends  from  very  close  range  applications  in  optical  tooling  through  vertical 
networks  of  assorted  aperture  to  successive  setups  in  route  levelling  of  tens  of  kilometres 
between  junction  points.  The  methods  of  trreasurement  are  relatively  simple  and  well 
established.  Presently  available  levels  and  their  route  levelling  accuracies  are  given  in 
Table  7. 

Table  7.  Precision  Spirit  and  Automatic  Levels 


Make 


Model  Accuracy 


Micrometer 


Spirit 

Wild 

Automatic 

WUd 


Kern 

Zeiss  Jena 
Zeiss  Oberkochen 
Zeiss  Oberkochen 


N3  +/-  0.2  mm(km)*0*5  integral  plane  parallel  plate  (0. 1  mm) 


NA2 

+/-  0.3 

NA2000 

+/-  1.5 

NA3000 

+/-  0.4 

GK2-A 

+/-  0.3 

Ni002 

+/-  0.2 

Nil 

+/-  0.2 

Ni2 

+/-  0.3 

accessory 

digital,  bar  coded  staves 

digital,  bar  coded  staves 

accessory 

integral 

integral 

accessory 


Within  the  galleries  of  the  Gigerwald  Dam  in  Switzerland,  Keller  (n.d.)  was  able  to 
achieve  +/-  0.04  mm  per  setup  using  a  Nil  with  sight  lengths  of  16  m.  Through  repeated 
measurements,  one  setup  would  be  capable  of  detecting  a  tilt  (change  in  slope  or  relative 
vertical  orientation)  greater  than  0.36”.  This  is  comparable  to  hydrostatic  levelling  which  is 
usually  +/*  0.03  mm  over  a  40  m  separation  of  recording  stations  and  which  corresponds 
to  a  tilt  of  0.22"  [see  Chrzanowski  (1987)]. 

Even  the  measurement  of  a  single  height  difference,  as  would  be  likely  encountered 


in  an  isolated  monitoring  network  situated  in  rough  terrain,  becomes  laborious  if  the 
lengths  of  sight  are  necessarily  shortened  to  accomodate  the  slope  of  the  terrain.  Due  to  the 
effects  of  refraction,  the  restrictions  on  the  lines  of  sight  require  that  no  staff  reading  be 
made  below  0.5  m  and  that  no  line  graze  the  terrain  by  less  than  1.5  m.  This  can  severely 
limit  progress  in  rough  terrain.  If  the  setups  are  part  of  a  longer  route,  the  systematic 
errors  that  are  relatively  negligible  in  one  setup  accumulate  to  alarmingly  significant 
amounts  (Greening,  1985).  Most  appreciable  of  these  are  the  effects  of  refraction  along 
steadily  sloping  routes  and  the  setdement  of  staves  and  of  the  instrument  tripod  between 
and  during  setups. 

In  his  considering  the  feasibility  of  trigonometric  height  traversing,  Chrzanowski 
(1984)  reports  that  current  motorized  effons  for  geometric  levelling  by  the  United  States 
National  Geodetic  Survey  progress  at  a  daily  rate  7  km  to  12  km  one  way  with  sight 
lengths  of  40  m  to  60  m  for  first  and  second  order  respectively,  on  flat  terrain.  Shortening 
the  lengths  of  sight  gready  impedes  progress  on  sloping  terrain;  3.5  km/day  at  4*  and  only 
1  km/day  at  10*.  Since  the  horizontal  lines  of  sight  are  oblique  to  the  isothermal  layers  that 
are  usually  parallel  to  the  terrain,  the  systemadc  effect  of  refraction  can  accumulate  to  as 
much  as  0.015  m  for  every  100  m  change  in  elevation.  Even  the  preventative  measures, 
e.g,,  limiting  the  nearness  of  the  line  of  sight  to  the  ground,  and  the  application  of 
modelled  corrections,  from  extra  temperature  measurements  and  terrain  profiling,  still  do 
not  remove  20%  to  60%  of  the  systematic  effects  (Chrzanowski,  1984).  This  is  especially 
of  concern  when  the  height  differencing  is  taken  over  long  routes  to  beyond  the  zone  of 
influence,  e.g.,  to  5  km  or  10  km  from  a  reservoir,  or  where  a  vertical  network  has  been 
established  for  monitoring  tectonic  movement,  e.g.,  at  Palmdale,  California  (Holdahl, 
1983). 

8.2  Trigonometric  Height  Traversing 

The  effects  of  refraction  can  be  overcome  to  a  large  extent  if  the  lines  of  sight  are 
parallel  to  the  terrain  so  that  they  do  not  obliquely  intersect  several  isothermal  layers.  On 
the  average,  this  is  possible  with  trigonometric  height  traversing  which  has  two  methods  - 
leapfrog  and  reciprocal. 

The  leapfrog  method  is  a  modification  of  the  geometric  levelling  method  by  replacing 
the  level  with  a  theodolitc/EODMI  and  the  staves,  by  mutiple  targets/retroreflector  rods. 
The  lengths  of  sight  are  balanced  and  the  sloping  of  the  terrain  is  no  longer  such  a 
restriction  except  that  the  lines  of  sight  should  be  kept  at  least  1.5  m  above  the  terrain 
through  their  extent  Sighting  to  targets  at  several  heights,  e.g.,  2.0  m  and  3.5  m,  helps  to 
randomize  the  effect  of  refraction  by  using  sights  that  pass  at  several  angles  through  the 


isothermal  layers.  With  a  motorized  observer  and  two  target  rods  and  computerized  data 
gathering  and  setup  evaluations,  the  leap  frog  method  can  progress  by  12  km  to  14  km 
daily  irrespective  of  the  slope  of  the  terrain  with  sight  lengths  of  200  m  to  250  m.  The 
major  drawback  to  the  method  is  the  requirement  of  balanced  sight  lengths  for  foresight 
and  backsight.  This  entails  additional  reconnaissance  and  is  most  troublesome  on  winding 
roadways  along  which  most  routes  would  be  taken.  An  experienced  crew  of  observer  and 
two  rod  men  could  engage  the  rod  transporting  vehicle  and  driver  for  the  initial  recon¬ 
naissance  for  the  next  station  during  the  measurements  at  the  present  setup  which  take 
about  10  to  12  minutes,  involving  four  sets  of  zenith  angles  plus  distance  measurements 
to  the  fore  and  back  targets  and  retroreflectors.  A  typical  accuracy  for  leapfrog  route 
traversing  is  better  than  +/-  2  mm(km)'^-5. 

In  the  reciprocal  method,  two  theodolites  sight  each  other  simultaneously  and  the 
curvature  of  the  line  of  sight  due  to  refraction  is  removed  in  the  averaging  from  the 
sighting  at  each  end.  Along  with  requiring  a  second  theodolite,  the  reciprocal  method  is 
somewhat  cumbersome  since  additional  separate  and  sometimes  laborious  procedures  arc 
needed  to  connect  the  height  traversing  to  the  benchmarks.  Also,  the  theodolites 
themselves  are  the  turning  points.  This  is  in  contrast  to  the  leapfrog  method  in  which  the 
rods  can  be  placed  on  temporary,  intermediate  or  permanent  bechmarks  directly  and 
recovery  is  more  easily  done  if  the  instrument  setup  happens  to  be  disturbed.  In  the 
reciprocal  method,  there  is  not  the  need  for  as  extensive  reconnaissance  since  the 
restrictions  are  that  that  the  lines  of  sight  are  at  least  1.5  m  above  the  terrain  and  that  the 
lengths  do  not  exceed  250  m.  Since  data  is  collected  at  both  instruments,  the  ability  to 
check  the  observations  in  the  field  is  hampered  without  some  form  of  telemetric  link 
between  the  second  theodolite  and  the  main  controlling  or  "master”  theodolite  computer.  In 
addition,  a  second  experienced  observer  is  required  for  the  reciprocal  method  as  the 
procedures  for  sighting  simultaneously  must  be  well  conducted.  For  proper  sighting, 
balanced  symmetric  targets  must  be  attached  to  the  theodolites  and  one,  likely  the  master, 
would  be  equiped  with  an  EODMI  while  the  other,  the  retroreflector.  The  accuracy  and 
rate  of  progress  by  the  reciprocal  method  for  route  height  traversing  is  comparable  to  that 
for  the  leapfrog  method  (Chrzanowski,  1984);  however,  further  evaluation,  especially  of 
the  behaviour  of  electronic  theodolites  and  their  compensators  is  necessary  for  both 
methods. 

The  reciprocal  method  of  height  differencing  becomes  attractive  for  three 
dimensional  monitoring  methods  employing  forced  centering  on  concrete  pillars.  As 
mentioned  above  in  the  horizontal  context  (section  2),  venically  eccentric  sights  could  be 
used;  however,  no  misclosure  would  be  available  to  evaluate  the  observations.  This  would 


place  the  onus  on  extensive  knowledge  of  the  environment  and  behaviour  of  the 
instrumentation  if  comparison  is  to  be  made  of  campaigns  at  various  times  of  the  year.  The 
effects  of  refraction  would  predominate  in  a  network  of  rough  terrain  with  likely  grazing 
lines  and  a  variety  of  ground  cover  and  ambient  temperature. 

9.  Integrated  Systems 

As  a  consequence  of  contemporary  technological  developments,  it  has  become 
increasingly  easier  to  mate  EODMI  with  theodolites,  creating  electronic  total  stations. 
Nonetheless,  only  a  few  are  near  single  second  precision  (Table  1)  and  have  proven 
themselves  and  have  become  the  basis  for  a  return  to  optical  measurement  in  industry.  Not 
only  are  the  measurements  easier  to  make  and  of  higher  precision,  but  also  the  capturing  of 
data  is  vinually  automatic  via  data  recorders  or  direct  interfacing  to  microcomputers.  The 
interfacing  capability  has  further  lead  to  the  development  of  practically  real-time 
positioning  and  analysis  in  three  dimensions  in  coordinating  systems  that  are 
commercially  available  (Table  8)  or  that  may  be  assembled  from  modules.  Even  further 
again  is  the  development  of  a  surveying  robot.  Wild  T2(XX)S  MOT,  positionable  to  +/-  2" 
horizontally  and  +/-  4"  vertically;  however,  even  by  the  early  1980's,  one  had  been 
developed  by  modifying  an  AGA  model  710  (Kahmen,  1984)  with  servomotors  driving 
the  tangent  screws  and  an  ocular  quadrant  laser  centering  detector  and  with  a  programmed 
expanding  spiral  search  routine  in  addition  to  the  angular  orientation  or  positioning. 

Table  8.  Total  Stations  and  Coordinating  Systems 


Total  Stations 

Make  Model  Angle  a  b  Data  Collection  RS232C 

AGA  142  <+/-2"  0.005  m  3.0  ppm  Geodat  accessory 

Kern  E2/DM503  <+/-r'  0.003  m  2.0  ppm  Alphacord  integral 

WUd  T2000(S)/DI4S  <+/-r'  0.001  m  GRE3  accessory  ' 

T2002/DI2002  <+/-!"  0.001m  1.0  ppm  GRE3  integral 

T3000/DI2002  <+/-l"  0.001m  1.0  ppm  GRE3  integral 


Three  Dimensional  Coordinating  Systems 

Kem  ECDSl  (E2  +  E2  + DEC  Micro/PDP-11)  x,y,z+/-5ppm 

Wild  TMS  (at  least  two  T2002  or  at  least  two  T3(XX)) 

Wild  ATMS  (at  least  two  TM3000V  or  at  least  two  TM3000L) 


Of  the  total  stations  given  in  Table  8,  only  the  Kem  provides  for  virtually  direct 
single  cable  RS232C  interfacing.  The  AGA  and  Wild  require  accessory  connection  boxes 


as  the  interfacing  is  a  modification  of  the  data  recorder  interface  and  both  require  120  V  ac 
to  maintain  voltage  levels  for  successful  interfacing  communication.  The  data  recorders 
offer  some  opponunity  to  programme  for  field  analyses  but  at  the  sacrifice  of  storage 
space  for  data.  The  simultaneous  measurement  of  both  circles  and  disunce  is  tempting; 
however,  proper  EODMI  use  requires  electronic  pointing  of  the  instrument  and  this  cannot 
be  assumed  to  coincide  with  the  optical  axis  of  the  telescope.  Besides,  even  if  there  is  a 
target  ponion  to  the  retroreflector,  it  is  not  suitable  for  a  zenith  angle  measurement 
compatible  with  the  horizontal  sights.  Also  the  consideration  for  a  simultaneous  three 
dimensional  network  must  have  regard  for  the  ever  present  effects  of  refraction  and  also 
for  what  ever  analysis  package  is  available  for  proper  reduction,  weighting,  and 
adjustment  of  the  observations. 

Very  recently,  the  precision  electronic  theodolites  have  been  further  exploited  in  the 
creation  of  three  dimensional  coordinate  determination  and  real-time  analysing  systems 
(Table  8).  These  have  revolutionized  the  approach  to  industrial  quality  assurance  by 
providing  rapid  non-contact  measurements  in  the  order  of  +/-  S  ppm  in  close  range 
applications  (to  tens  of  metres). 

It  is  very  tempting  to  project  these  developments  to  the  day  when  the  whole  survey 
might  be  conducted  by  robots  telemetrically  linked  to  a  main  computer  at  the  push  of  a 
single  button;  but,  still  the  major  aggravation  will  be  the  effects  of  the  environment, 
especially  atmospheric  refraction,  that  limit  achievable  accuracy. 
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a)  a  reference  or  absolute  monitoring  network 


Figure  1.  The  two  types  of  intended  monitoring  networks 
The  occupied  "stations"  are  denoted  by  triangles.  Object  points  are  denoted  by  circles. 


a)  closed  traverse 


b)  open  or  fitted  traverse 


Figure  3.  Indirect  lateral  alignment  by  angular  methods 
Triangles  denote  reference  stations.  Circles  denote  t^ject  points. 
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Abstract 

Instniments  and  methods  of  geodetic  and  photogiammetric  surveys  cannot  satisfy  all 
requirements  of  deformation  measurements.  Geotechnical  and  other  non'geodetic 
instrumentation  must  be  used  when  gathering  information  on  local  deformations  inside  die 
deformable  body.  The  geotechnic^  instruments,  such  as  extensometeis,  inclinometers, 
inverted  pendulums,  and  various  deformeters,  can  easily  be  adopted  for  continuous  and 
telemetric  data  acquisition  which  makes  them  attractive  also  in  the  applications  where 
geodetic  surveys  could  have  been  used.  There  are  hundreds  of  different  types  of 
geotechnical  instruments  available  for  defcxmation  measurements.  In  this  brief  review,  the 
instruments  are  grouped  according  to  three  main  applications:  measurements  of  extensions 
and  strains;  measurements  of  tilts  and  inclinations;  and  alignment  surveys.  Geotechnical 
methods  for  measurements  of  acting  forces  and  properties  of  material  are  not  included. 


1.  Introduction 


The  three  earlier  presentations  in  this  Workshop  gave  a  thorough  review  of  the 
contemporary  geodetic  and  photogrammetric  techniques  used  in  deformation  surveys. 
Through  interconnections  among  the  monitoring  stations,  these  techniques  provide  very 
useful  information  on  the  global  deformation  status  of  the  monitored  object  and,  in  most 
cases,  can  also  provide  information  on  its  rigid  body  translations  and  rotations  widi  respect 
to  reference  points  located  outside  the  deformation  area.  Sub-millimetre  accuracies  over 
small  veas  and  10'^  relative  accuracies  over  expanded  bodies  are  achievable  in  the 
determination  of  relative  displacements  of  the  surveyed  points.  However,  the  instruments 
and  methods  for  geodetic  and  photogrammetric  surveys  cannot  satisfy  all  the  requirements 
of  deformation  measurements. 

Due  to  the  necessity  of  having  intervisibility  between  tiie  survey  stations,  or  between 
the  monitoring  stations  and  the  satellites  in  the  case  of  space  techniques,  the  geodetic  and 
photogrammetric  surveys  are  limited  only  to  open  areas  and  cannot  be  used  in  detecting 
local  defonnations  inside  the  material  of  the  deformable  body.  Deformations  in 
foundations  or  foundation  rocks  of  large  engineering  stractures  and  relative  movements  of 
different  layers  of  soil  or  rock  formatimis  in  slope  stability  studies  are  examples  for  vriuch 
special  measuring  methods  are  needed.  In  these  cases,  geotechnical  instruments,  such  as 
borehole  inclinometers,  various  defonneters,  extensometers,  and  mverted  pendulums  must 
be  used.  Geotechnical  instrumentation  can  be  easily  adapted  for  continuous  and  telemetric 
data  acquisition  with  an  instantaneous  display  of  the  deformations  which  is  very 
advantageous  in  comparison  with  the  slow,  labour  intensive,  terrestrial  surveys.  The 
expensive  survey  robots  which  were  mentitmed  in  the  earlier  presentation  [Secord,  19876 
cannot  con:q)ete  with  the  geotechrucal  instrumentation  which  does  not  require  intervisibilify 
between  the  stations  and  is  operational  practically  in  any  environmental  conditions.  The 
geotechnical  and  particularly  special  non-geodetic  instruments,  such  as  hydrostatic  levels, 
invar  wire  extensometers,  laser  interferometers,  and  diffraction  aligning  equipment,  offer 
accuracies  in  the  order  of  a  few  hundredths  of  a  millimetre  in  localized  measurements. 

For  the  above  reasons,  the  trend  in  the  last  few  years  has  been  to  adopt  geotechnical 
and  special  non-geodetic  instrumentation  for  deformation  surveys  not  only  in  the  areas 
which  are  inaccessible  for  geodetic  and  photogrammetric  surveys  but  also  in  studies  where 
geodetic  monitoring  networks  could  have  been  used.  If  it  continues,  this  tendency  may 
lead  to  an  unhealthy  situation  in  which  the  usefulness  of  the  geodetic  aixl  photogrammetric 
surveys  will  become  underestimated  by  those  who  favour  the  geotechnical  instrumentation. 

Here,  one  should  point  out  to  those  who  advocate  the  use  of  geotechnical  methods 


that  the  geotechnical  instrumentation  also  has  weak  points  despite  the  aforementioned  and 
indisputable  advantages.  First  of  all,  the  measurements  are  very  localized  and  they  may  be 
strongly  affected  by  local  disturbances  (noise)  which  do  not  represent  the  actual 
deformations.  Since  the  local  observables  are  not  geometrically  connected  with 
observables  at  other  monitoring  stations,  any  global  trend  analysis  of  the  deformations  is 
much  more  difficult  than  in  the  case  of  geodetic  surveys  unless  the  observing  stations  are 
very  densely  spaced.  The  geomechanical,  rock  mechanics,  and  structural  engineers,  who 
are  the  main  users  of  the  geotechnical  instruments,  are  usually  less  acquainted  than  survey 
engineers  and  geodesists  with  the  evaluatitm  of  the  measuring  data  and  calibration  of 
measuring  instruments.  On  the  other  hand,  most  surveyors  demonstrate  complete 
ignorance  in  the  use  of  other  than  geodetic  techniques: 

One  could  cite  many  examples  of  deformation  analyses  being  conducted  on  the  same 
object  separately  by  both  survey  engineers  and  other  engineers  using  only  their  own 
survey  data  obtained  with  their  own  instrumentation.  Both  groups  have  not  fully 
recognized  the  advantages  and  disadvantages  of  various  measuring  techniques  and, 
perii^,  they  have  not  known  how  to  combine  geodetic  and  geotechnical  results  into  an 
integrated  analysis.  The  problem  of  integrated  analysis  is  the  subject  of  diree  other 
presentations  of  this  Workshop  which,  hopefully,  will  help  in  die  development  of  a  better 
cooperation  between  the  various  engineering  and  scientific  groups. 

This  presentation  is  directed  mainly  toward  surv^  engineers  to  give  an  overview  of 
basic  geotechnical  and  other  non-geodetic  special  techniques,  their  applications  and 
coixqiatibiliQ^  with  the  surveying  and  geodetic  mediods. 

2.  Classification  of  Geotechnical  and  Special  Non«Geodetic 
Instrumentation 

The  geotechnical  instrumentation  may  be  divided  into  three  main  groups,  according 
to  the  three  main  purposes  of  the  measurements: 

(1)  determination  of  physical  properties  of  die  deformable  material, 

(2)  determination  of  acting  forces  Goads)  and  internal  stresses, 

(3)  determinations  of  changes  in  dimensions  and  shrqie  (geometrical  deformations). 
Since  from  the  point  of  view  of  survey  engineers  only  the  third  group  of  instruments 

is  of  direct  interest,  the  two  other  groups  will  not  be  discussed  in  this  brief  review. 
However,  from  the  point  of  view  of  die  physical  interpretation  (see  later  presentation  by 
Chen  and  Quzanowsld)  and  design  of  the  geometrical  measurements,  the  frrst  two  groups 
are  just  as  iirqionanL 


In  the  first  group,  the  main  problems  of  measurements  is  the  laboratory  and  in  situ 
determinations  of  the  elastic  parameters  of  the  material  (Young  modulus,  Poisson  ratio), 
thermal  coefficient  of  expansion,  viscosity  coefficient,  and  time-dependent  behaviour.  In 
the  second  group,  various  load  cells  are  used  to  measure  static  and  dynamic  loads,  various 
types  of  piezometers  are  employed  to  measure  pore  water  pressure,  and  built-in 
temperature  sensors  help  in  the  determination  of  the  loads  due  to  the  thermal  expansion  of 
the  material.  Of  special  importance  in  the  second  group  is  measurement  of  in  situ  stresses 
(overcoring  methods,  various  pressure  meters)  which  similar  to  the  determination  of  the  in 
situ  Young  modulus  still  requires  a  development  of  better  and  more  accurate  methods  than 
are  presently  available. 

The  third  group  of  instrumentation  which  wiU  be  discussed  in  more  detail  in  this 
review  encompasses  literally  hundreds  of  different  types  and  models  of  instruments 
produced  by  a  large  number  of  manufacturers.  Appendix  I  lists  some  of  the  producers  and 
distributors  of  the  instruments  which  will  be  mentioned  in  this  presentatitm.  An  excellent 
review  of  geotechnical  instrumentation  is  given  by  Hanna  [1985]  who  cites  about  1200 
references  to  his  book  which,  in  itself,  is  over  800  pages. 

Very  often,  due  to  special  requirements  of  each  individual  geomechanical  problem, 
special  instruments  rrurst  be  produced  only  for  the  given  project  In  many  plications,  the 
speed  and  simplicity  of  the  measurements  are  of  a  higher  priority  than  the  high  accuracy 
and  also  simple  mechanical  devices  (e.g.,  convergence  meters)  may  be  developed  in  any 
local  wodtshop  depending  on  the  ingenuity  of  the  engineer  in  charge  of  die  project  Thus, 
hundreds  of  various  types  of  instruments  are  available  for  measurements  of  extensicms  and 
strains,  tilts,  deflections,  curvings,  bendings,  etc.  For  a  general  review,  only  three  basic 
types  of  measurements  will  be  covered. 

(1)  Measurements  of  extensims  (changes  in  distances)  and  strains  with; 

(a)  wire  extensotneters  and  strainmeters 

(b)  rod  extensometers 

(c)  laser  interferometers. 

(2)  Measurements  of  changes  in  tilts  and  inclinations  with; 

(a)  precision  tiltmeters 

(b)  borehole  inclinometers 

(c)  suspended  and  inverted  plumb  lines 

(d)  hydrostatic  levdlitig. 

(3)  Measurements  of  changes  in  alignment  with; 

(a)  mechanical  methods 

(b)  direct  optical  and  laser  alignment 


(c)  laser  diffraction  method. 

Many  instruments  used  for  the  above  measurements  arc  purely  mechanical  with 
manual  readout  systems.  In  order  to  adapt  them  to  automatic  and  continuous  data 
recording,  electric  transducers  can  be  employed  using,  for  instance,  linear  potentiometers, 
differential  transformers,  and  self-inductance  resonant  circuits.  A  detailed  descnption  of 
the  transducers  is  beyond  the  scope  of  this  presentation,  however,  any  textbook  on  applied 
electronics  gives  the  principles  of  various  transducers.  In  general,  when  choosing  the  type 
of  transducer  for  automatic  data  acquisition  one  should  consult  with  an  electronics 
specialist  on  which  type  would  better  suit  the  purpose  of  the  measurements  in  the  given 
envirorunental  conditions.  For  instance,  the  output  signals  from  linear  potentiometers  are  a 
functimi  of  the  length  of  the  transmission  cable,  while  the  readout  (frequency  ouqrut)  of  the 
inductance  types,  is  independent  of  the  distance  from  the  sensor.  However,  the  inductance 
transducers  are  sensitive  to  changes  of  envircnunental  temperature  and  require  temperature 
compensation. 

Londe  [1982]  gives  interesting  remarks  on  various  sensors.  He  favours  the 
self-inductance  and  vibrating  wire  transducers  over  any  other  types  for  their  accuracy, 
linearity  of  the  output,  and  durability.  The  inductance  type  is  comprised  of  two  electric 
circuits,  for  instance,  two  concentric  coils  udiich  form  a  resonant  circuit  of  frequency 
f  *  1/(2jcV1jC) 

where  L  is  the  self  inductance  and  C  is  oqiacitance.  Any  change  in  the  relative  position  of 
the  two  coils  alters  the  inductance  and  hence  the  resonant  firequency  of  die  irmer  circuit 
Linear  displacements  of  a  few  micrometers  may  be  detected. 

The  vibrating  wire  transducers  woric  on  die  principle  that  the  natural  frequency  of  the 
wire  varies  with  the  square  toot  of  the  tension  of  the  wire.  Some  other  types  of 
transducers  will  be  mentioned  wdien  discussing  some  particular  instruments. 

3.  Measurement  of  Changes  in  Distances 

3.1  General  Remarks 

Various  types  of  instruments,  mainly  medianical  and  electro-mechanical,  are  used  in 
geomechanics,  rock  mechanics,  and  structural  engineering  to  measure  changes  in  distances 
in  order  to  determine  setdement  or  upheaval  of  soil,  convergence  of  walls  in  engineering 
structures,  and  underground  excavations,  strain  in  rocks  and  in  man-made  materials, 
separation  between  rock  layers  around  drii^  tunnels,  slope  stability,  and  movements  of 
structures  with  respect  to  the  foundation  rocks.  Dqiending  on  its  particular  qiplicadon,  the 
same  instrument  may  be  named  an  extensometer,  strainmeter,  convergencemeter,  or 
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1. Surface  wire  extensometer 

2. Subsurf ace  slope  extenso«eter  for 
localisation  of  slide  planes 

3.  Mobile  borehole  inclinoaeter 

4.  Multi-point  borehole  deflectometer 

5.  Multiple  point  rod  extensometer 

6.  Disk  load  cell  to  monitor  pre¬ 
stressed  anchors 

7. Soil  spy  for  surface  monitoring 
of  slide  planes 

8. Multi-point  hydraulic  level 
gauge 

9. Invar  wire  extensometer 


a)  Slope  monitoring  instrumentation 
(Muller  et  al.,1977) 


b)  Tunnel  monitoring 


FIG.3.1.  Examples  of  the  use  of  wire  and  rod  extensometers 
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nssuremeter.  Perhaps  a  common  name,  distance  extensometer  or  distance  variometer, 
could  be  accepted  for  all  of  them.  Figure  3.1  shows  some  typical  applications  of 
extensometers. 

The  various  instruments  differ  from  each  other  by  the  method  of  linking  together  the 
points  between  which  the  change  in  the  distance  is  to  be  determined  and  type  of  sensor 
employed  to  measure  the  change.  The  links  in  most  instruments  are  mechanical,  such  as 
wires,  rods,  or  tubes.  The  senses  usually  are  either  mechanical,  such  as  calipers,  dial 
gauges,  or  the  aforementioned  electric  transducers. 

A  separate  type  of  instrument,  interferometers,  are  also  discussed  in  this  section 
because  they  belong  to  the  category  of  extensometers  and  strainmeters  although  they  are 
more  pq>ular  in  metrological  measurements  than  in  engineering  deformation  surveys. 

3.2  Wire  and  Tape  Extensometers 

Figure  3.2  shows  saiiq>les  of  various  wire  extensometers.  Some  of  them,  namely, 
ISETH  Distometer,  CERN  Distinvar,  and  Roctest’s  Distomatic  (tx>t  shown)  have  already 
been  discussed  in  the  eariier  presentation  <m  surveying  methods  (Secotd,  1986].  All  three 
instruments  use  invar  wires  and  special  constant  tensioning  devices  s^efa,  if  properly 
calibrated  and  properly  used,  can  give  accuracies  of  O.OS  mm  or  even  better  in 
measurements  of  changes  of  distances  over  lengths  from  about  1  m  up  to  100  m.  Invar  is 
a  capricious  alloy  and  must  be  handled  very  cardiilly  to  avoid  sudden  changes  in  the  lengdi 
of  the  wire.  Several  months  before  the  wires  ate  used  for  the  first  time  they  must  be  aged 
(to  remove  initial  stresses)  by  numerous  rewindings  in  different  directions  and  preheating 
to  100**C  and  slowly  cooled.  During  the  measuiements  they  nmst  be  calibrated  before  and 
after  each  use.  Gervaise  [1978]  gives  a  good  account  of  aU  die  problems  wdiich  may  be 
encountered  with  invar  wire  measurements.  When  small  changes  in  temperature  are 
expected  or  a  smaller  precision  (0.1  mm  to  1  mm)  is  required,  then  steel  wires  or  steel 
tapes  are  more  comfortable  to  use. 

The  Rock  Spy  (Figure  3.3)  also  uses  invar  wire  for  measurements  of  small  relative 
movements  (up  to  60  nun)  across  fissures,  joints,  and  cracks.  It  employs  the  inductance 
transducer  and  a  precision  tension  spring.  However,  the  tension  of  the  wire  is  not  as 
constant  as,  for  instance,  in  die  Distometer.  However,  an  accuracy  between  0.02  nun  to 
0.2  mm  is  claimed  by  Telmac  and  Roctest  Ltd.  depending  on  the  base  length  (up  to  about 
20  m).  A  special  arrangement  (patent  pending)  is  used  for  die  tenqieratuie  coiiqiensation. 

Tensioned  wires  have  been  used  extensively  in  boreholes  in  ground  movement 
studies.  Hgute  3.4  shows  a  multiple  point  wire  extensometer  for  measuiements  of 
differential  movements  at  different  depths.  Each  wire  is  anchored  at  one  end  to  die  ground 


at  different  depths  and  tensioned  at  the  measuring  head  on  the  surface  by  spring 
cantilevers.  Any  change  in  the  distance  produces  cantilever  deflections  which  can  be 
sensed  either  manually  or  by  using  transducers.  The  installation  of  wires  in  deep 
boreholes  is  cumbersome  and  requires  good  experience.  Use  of  rods  in  this  case  is 
preferred. 

If  an  extensometer  is  installed  in  the  material  with  a  homogeneous  strain  field,  then 
the  measured  change  A/  of  the  distance  I  gives  directly  the  strain  component  £  —  A///  in  the 
direction  of  the  measurement  In  order  to  determine  the  total  strain  tensor  in  a  plane  (two 
normal  strains  and  one  shearing),  a  minimum  of  three  extensometers  must  be  installed  in 
three  different  directions. 

Special  high  precision  strainmeters  of  a  short  base  (up  to  a  few  decimetres)  are 
available  for  Strain  measurements  in  structural  material  and  in  homogeneous  rocks.  The 
aforementioned  vibrating  wire  transducers  may  directly  be  used  for  that  purpose.  An 
example  is  a  vibrating  wire  strain  gauge  available  from  Irad  Gage.  The  instrument 
employs  a  150  nun  steel  wire  in  which  the  changeable  resonant  frequency  is  measured.  An 
accuracy  of  one  microstrain  (10*^)  is  claimed  in  the  strain  measurements  which 
corresponds  to  0.15  pm  relative  displacemous  of  points  over  the  distance  of  150  imiL 

3.3  Rod  and  Tube  Extensometers 

Figure  3^  shows  typical  single-point  and  multiple-point  rod  extensometers.  Steel, 
invar,  aluminum,  or  fibreglass  rods  of  various  lengths  m^  be  used  depending  on  the 
application.  The  multiple  point  measurements  in  boreholes  or  in  trenches  may  be  made 
using  either  a  parallel  arrangement  (Figure  3.5b)  of  rods  anchored  at  difrierent  distances 
from  the  sensing  head,  or  a  string  (in  series)  arrangement  (Figure  3  J)  with  the  sensors 
mounted  at  different  depths.  The  multiple-point  rod  extensometer  model  E-10  (Hgure  3.7) 
from  Irad  Gage  is  an  example  of  the  parallel  multi-rod  instrument  Up  to  6  rods  may  be 
used  in  a  75  mm  borehole  to  a  total  length  of  200  m  and  total  range  of  300  mm  with  a 
resolution  of  0.01  mm.  The  actual  accuracy  depends  on  the  temperature  corrections.  The 
dial  indicator  readout  may  be  replaced  by  potendometric  or  other  transducers  with  digital 
readout  systems.  Sevoal  models  are  available  from  different  companies,  for  example, 
from  SINCO,  Roctest,  and  others.  Hie  self-explaruttory  Figures  3.6  and  3.8  show 
schematically  two  models  of  the  string  type  (in  series)  extensometers:  BOF-EX  (Roctest) 
with  differential  transformer  (LVDT)  transducers,  and  Distofor  (Telemac)  with  the 
self-inductance  transducers.  In  both  models  a  precision  of  ±0.02  mm  accuracy  is  claimed. 
The  actual  accuracy  depends,  of  course,  on  the  accuracy  of  calibration  of  the  transducers 
and  tenqierature  condensation. 


FIG. 3.5.  Rod  extensometers :  a)  single-point  type 
b)  oultiple  point. (Hanna, 1985) 

Note:  in  soae  models  the  dial  depth  gauges  are 
replaced  by  electric  sensors. 


1.  Mechanical  anchor 

2.  Extension  rod 

3.  Electric  transducer  (LVDT) 
4. Spacer  ring 

5. Bottom  anchor 


FIG. 3. 6.  Multiple  point  (in  series) 
rod  extensometer  model 
BOF-EX  (Telemac,Roctest) 
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FIG. 3. 7.  Multiple  point  rod  (parallel)  extensometer 
model  E-10  (Irad  Gage) 


1  reperence  ring 

2  anchor  springs 

3  ROD 

A  watertight  coupling 


5  PLUSH  HEAD 

6  WATERTIGHT  COUPLING 

OP  sealed  outlet 

7  SPRING  release 


FIG. 3. 8.  Multiple  point  rod  (in  series)  extensometer 
model  DISTOFOR  (Telemac) 


A  torpedo  type  of  borehole  extensometer,  Extensofor,  is  available  from  Telmac  and 
Roctest  (Figure  3.9).  The  instrument  consists  of  a  28  mm  diameter  torpedo  of  1.55  m 
length  with  an  inductance  sensor  at  each  end.  Reference  rings  on  the  casing  arc  spaced 
within  the  length  of  the  torpedo.  The  sensors  and  reference  rings  form  the  inductance 
oscillating  circuits.  The  torpedo  is  lowered  in  the  borehole  and  stopped  between  the 
successive  rings  recording  changes  in  distances  between  the  pairs  of  rings  with  a  claimed 
accuracy  of  0.1  mm.  Boreholes  up  to  several  hundred  meters  long  can  be  scanned. 

Several  other  models  of  rod  extensometers  with  various  transducers  are  available  for 
mounting  in  boreholes  or  in  trenches  in  soil  or  along  slopes  by  connecting,  for  instance,  a 
series  of  concrete  monuments  with  rods  equipped  with  transducers. 

Telescopic  tubes  may  replace  rods  in  some  special  applications.  For  instance,  a 
simple  convergence  meter  COR-P  (Roctest)  for  measuring  deformations  in  underground 
mines  has  been  developed  in  Canada  in  cooperation  with  the  Canada  Centre  for  Mineral 
and  Energy  Technology  (CANMET).  The  instrument  consists  of  two  telescoping  tubes 
maintained  together  by  a  friction  ring.  The  relative  movement  of  the  tubes,  spatmed 
between  the  floor  and  roof  of  the  opening,  is  sensed  by  a  potentiometric  transducer.  The 
instrument  can  safely  be  used  in  gaseous  mines,  is  very  simple  in  operation,  and  gives 
resolution  of  0.1  mm. 

3.4  Interferometric  Measurements  of  Linear  Displacements 

Michelson  type  (Figure  3.10)  interferometers  with  laser  as  a  source  of  the 
monochromatic  radiation  are  becoming  a  common  tool  in  precision  displacement 
measurements.  A  light  radiation  of  wavelength  X  is  split  into  Sj  signal  to  a  fixed  reference 
minor  and  $2  signal  to  a  movable  retro-reflector.  The  combined  reflected  signals  S}  and  S2 
create  a  pattern  of  interference  fringes.  A  movement  of  the  retro-reflector  by  X/4  causes  a 
shift  of  the  pattern  by  one  fringe.  Thus  a  change  in  the  distance  to  the  moving 
retro-reflector  is  determined  by  continuous  counting  of  the  fringes. 

Theoretical  limits  of  the  resolution  in  the  interferometric  distance  measurements  is  of 
the  order  of  lO'^X  because  it  is  the  limit  of  the  accuracy  with  which  the  interference  fringes 
may  be  interpolated  using  photoelectric  sensors.  One  has  to  remember,  however,  that  the 
interferometric  distance  measurements  are  affected  by  the  atmospheric  refracdvity  in  the 
same  way  as  all  the  H>M  systems.  Therefore,  the  accuracy  depends  on  the  accuracy  of  the 
determination  of  the  densi^  of  air  along  the  optical  path  of  the  distance  measurements. 

The  ccmtinuous  counting  of  fringes  requires  a  very  precise  aUgnment  of  a  rail  on 
which  the  retro-reflector  could  smoothly  move  alcmg  the  measured  distance.  Counting  of 
the  fringes  is  done  electronically.  Presently  available  counting  systems  allow  for  the 
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FIG. 3.9.  Continuous  (torpedo  type)  borehole  extensometer 
model  EXTENSOFOR  (Telemac,Roctest) 


fixed  mirror 


movable 

mirror 


FIG. 3. 10.  Michelson  type  interferometer 


maximum  speed  of  30  cm/s  of  the  mirror  motion. 

Use  of  interferometry  in  long  distance  measurements  is  limited  by  two  factors: 

•  frequency  bandwidth  of  the  radiation 

«  thermal  turbulence  of  air. 

The  bandwidth  of  the  narrowest  spectral  lines  from  conventional  sources  of 
radiation,  such  as  obtained  from  gaseous  electrical  discharges,  is  about  10*^  Therefore, 
the  interference  fringes  blur  out  at  distances  greater  than  lO^X  due  to  the  internal 
interference  between  individual  rays  of  light  having  different  wavelengths.  For  instance, 
the  maximum  distance  of  interferometric  measurements  with  the  radiation  obtained  from 
Kr^^  (the  primaiy  standard  of  length)  is  only  about  60  cm  because  X  -  0.606  |im.  The 
bandwidth  of  the  gaseous  lasers  may  easily  be  controlled  to  10'^  or  even  up  to  lO'^^X 
[Baird,  1969]  allowing  for  interferometric  measurements  over  distances  of  several 
kilometres.  However,  due  to  the  thermal  turbulence  of  air  which  disturbs  fringe  counting, 
the  practical  range  of  the  laser  interferometry  in  open  air  is  a  maximum  of  1(X)  m  only, 
unless  the  measurements  are  performed  in  an  evacuated  tube. 

Accuracy  of  4  x  10**^  in  linear  changes  over  a  distance  of  800  m  (Figure  3.1 1)  has 
been  achieved  in  practice  using  a  laser  strain  meter  (LSM)  developed  at  the  University  of 
California  in  San  Diego  [Berger  and  Loveberg,  1969].  This  consists  of  a  long  arm 
Michelson  type  interferometer.  The  whole  8(X)  metre  optical  padi  of  the  long  arm,  except 
two  short  30  cm  distances  at  both  ends,  is  enclosed  in  an  evacuated  (10*^  Torr)  pipe  with 
quartz  windows.  The  30  cm  distances  and  two  end  piers  with  the  optical  and  electronic 
components  of  the  interferometer  are  kept  under  highly  controlled  temperature  and  pressure 
conditions. 

Development  of  lasers  which  can  simultaneously  produce  two  signals  of  different 
frequencies  f|  and  (2  allow  for  measurements  of  linear  displacements  by  using  the  Doppler 
shift  method  [Dukes  and  Gordon,  1970].  Hewlett  Packard  Model  S52SB  laser 
interferometer  is  an  example  of  the  double  frequency  interferometer.  Its  principle  of 
operation  is  shown  in  Figure  3.12. 

The  laser  emits  a  coherent  red  laser  beam  comprised  of  two  signals  of  frequency  f  | 
and  (2  of  opposite  polarizations.  After  being  expanded  and  collimated,  a  portion  of  the 
beam  is  split  into  a  fixed  internal  reflector  and  directed  into  a  photodetecior.  An  optical 
filter  passes  otUy  {2  along  this  path.  The  transmitted  beam  reflects  from  the  movable 
external  reflector,  and  is  filtered  to  contain  only  f|.  Any  axial  movement  of  the  reflector 
produces  a  Doppler  shift  of  the  signal  frequency  about  f|.  This  Doppler  shifted  signal 
cmnbines  with  {2  at  the  i^iotodetector  to  generate  'Iringes’’.  Denoted  by  the  Af  the  Doppler 
shift  of  the  frequency,  the  velocity  of  die  movement  of  the  reflector  can  be  calculated  from: 
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FIG. 3. 11.  Laser  Strain  Meter  (Berger  and  Loveberg,1969) 


FIG. 3. 12.  Double  frequency  industrial  interferometer  model  HP  5S25B 
(Hewlett  Packard) 


Vf  =  ±AfAy4  , 

and  the  distance  travelled  by  the  reflector  is  <Atained  through  the  integration: 

As  =  X/4|Afdt  . 

TherefcMv,  in  this  type  of  interferometer,  the  frequencies  rather  than  the  fringes  of  different 
intensity  are  counted. 

One  should  emphasize  that  the  influence  of  air  turbulence  on  the  perfmmance  of 
double  frequency  interferometers  is  much  smalter  than  when  using  the  conventional  single 
frequency  interferometry.  The  HP  5S25B  model  has  the  following  specifications: 
accuracy:  0.5  pm  per  metre  ±2  counts  in  the  last  digit 

resolution:  0.1  pm  in  normal  mode  and  0.01  pm  in  the  XIO 

mode  cf  operation 

lange:  60  m,  dqrending  on  the  environment 

maximum  measuring  velocity:  0.3  m/s 
velocity  measurement  accuracy:  0.04  mm/s 
(^reradng  tenqretature:  0*^  to  55^ 

During  the  measurements,  the  temperature  of  the  air  and  the  instrument  and 
barometric  pressure  must  be  recorded.  Corrections  for  the  velocity  of  light  and  for  die 
expansion  of  die  material  must  be  «iir.Mia«w<t  As  an  option,  an  automatic  compensator  iiuty 
be  coimected  to  the  instrument  The  instruments  have  ouqiuts  for  printer,  computer, 
Fourier  analyser,  etc. 

A  newer  model  HP  S526A  of  die  laser  Doppler  interferometer  [Kahmen,  1978] 
allows  also  for  measurements  of  angular  deflection  with  an  accuracy  of  ±0.1"  and 
alignment  offsets  with  a  resolution  of  0.1  pm  over  30  nt 


4.  Measurement  of  Tilt  and  Inclinatitm 


4.1  Tiltmeters  and  Inclinometers 

The  measurement  of  tilt  is  usually  understood  as  a  detenninatim  of  a  deviation  from 
a  horizontal  plane,  while  inclination  is  interpreted  as  a  deviation  from  vertical.  Thus  the 
same  instrument  which  measures  tilt  at  a  point  can  be  called  either  a  tiltmeter  or  an 
inclinometer,  depending  on  the  interpretation  of  the  results. 

From  the  point  of  view  of  the  basic  principle  of  operation,  the  tiltmeters  may  be 
divided  into: 

•  liquid  (including  Sfnrit  bubble  type) 

•  vertical  pendulum 

•  horizontal  penduluriL 


As  far  as  the  ^sitivity  of  tilt  is  concerned,  we  have  two  distinct  groups; 

*  geodetic  or  geophysical  special  tiluneters  of  a  resolution  of  10'^  or  even  10'^  radian 

*  engineering  tiltmeters  of  resolutions  between  0. 1"  to  a  few  tens  of  seconds  of  arc, 

depending  on  the  required  range  of  tilt  to  be  measured. 

The  first  group  includes  instruments  which  are  used  mainly  for  geophysical  studies  of 
earth  tide  phenomena  and  tectonic  movements.  Here  we  have,  for  example,  the 
Verbaander-Melchior  [Melchior,  1983]  horizontal  pendulum  tiltmeter,  Rockwell  Model 
TM-1  [Cooper  and  Schmars,  1974]  liquid-bubble  type,  and  many  others.  This  category  of 
instrument  requires  extremely  stable  monumentation  and  a  controlled  environment.  There 
are  very  fe  ^  engineering  projects  where  instruments  which  are  so  sensitive  may  be 
needed.  Deformation  measurements  of  imderground  excavations  for  the  suxage  of  nuclear 
waste  may  be  one  of  the  few  possible  applications.  Figure  4.1  shows  an  example  of  a 
tiltmeter  developed  for  that  purpose  by  the  Auckland  Nuclear  Accessory  Co.  in  New 
Zealand.  In  this  instrument,  the  tilt  is  proportional  to  the  change  in  capacitance  between  the 
electrodes  and  the  mercury  surface.  This  tiltmeter,  with  a  total  range  of  IS  minutes  of  arc, 
is  claimed  to  give  a  resolution  of  10*^  radian  which  corresponds  to  a  relative  vertical 
displacement  of  only  6  x  10*^  mm  over  die  base  length  of  S87  mm. 

There  are  many  models  of  liquid  or  poidulum  types  of  tiltmeters  of  reascmable  price 
($2000  to  $3(XX))  which  satisfy  most  the  needs  of  engineering  surveys.  One  of  them  is  the 
Electrolevel  with  the  spirit  bubble  principle  (Figure  4.2)  in  which  the  movement  of  the 
bubble  is  sensed  by  three  electrodes.  The  tilt  produces  change  in  differential  resistivity 
between  the  electrodes  which  is  measured  by  means  of  the  Wheatstone  bridge.  The 
resolution  of  0.25"  is  obtained  over  a  total  range  of  a  few  minutes  of  arc.  Many  other 
liquid  types  of  tiltmeters  with  various  ranges  (up  to  30®)  are  available  from  various 
companies. 

The  self-explanatory  Figure  4.3  shows  an  example  of  a  pendulum  type  electronic 
level,  the  Talyvel,  which  gives  an  accuracy  of  ±0.5”  over  a  total  range  of  ±8'. 

Of  particular  popularity  are  servo-accelerometer  types  of  tiltmeters  with  horizontal 
pendulum.  They  offer  ruggedness,  turability,  and  low  temperature  operation.  The  output 
signal  (volts)  is  proportional  to  the  sine  of  the  angle  of  tilL  Figure  4.4  shows  the  Schaevitz 
servo-accelerometer.  It  employs  a  small-mass  horizontal  paddle  (pendulum)  which  due  to 
the  force  of  gravity  tries  to  move  in  the  direction  of  tilt  Any  resultant  motion  is  converted 
by  position  sensors  to  a  signal  input  to  the  electronic  amplifier  whose  current  output  is 
applied  to  the  torque  motor.  This  develops  a  torque  equal  and  opposed  to  the  original. 
The  Uxque  motor  current  produces  a  voltage  output  vriiich  is  proportional  to  the  sine  of  the 
angle  of  tilt  The  typical  output  voltage  range  for  tiltmeters  is  ±5  V  which  corresponds  to 
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FIG. 4. 4.  Servo- accelerometer  type  of  tiltmeter  (Schaevitz) 


the  numimum  range  of  the  tilt  Thus  the  angular  resolution  depends  on  the  tilt  range  of  the 
selected  nnodcl  of  the  tiltmeter. 

There  are  many  factors  affecting  the  accuracy  of  tilt  sensing,  not  just  the  resolution 
of  the  readout.  A  temperature  change  produces  dimensional  changes  of  the  mechanical 
components,  changes  in  the  viscosity  of  liquid  in  the  electrolytic  tiltmeters  and  of  the 
dampening  oil  in  the  pendulum  type  dltmeters.  Also  the  electric  characteristics  change  with 
the  temperature.  Drifts  of  tilt  indications  and  fluctuations  of  the  readout  may  also  occur. 
For  a  price,  most  of  the  errors  may  be  compensated  for,  or  their  effect  may  be  made  linear 
thus  allowing  for  an  easy  calibration. 

Within  the  inexpensive  models,  the  compensation  for  the  aforementioned  sources  of 
error  is  not  very  sophisticated,  and  those  tiltmeters  rruy  show  non-linear  output  versus 
tenqierature,  erratic  drifts,  etc.  Therefore  very  thorough  testing  and  calibration  are  required 
even  when  the  accuracy  requirement  is  not  very  high  [Chizanowsld  et  al.,  1980]. 

Compensators  of  vertical  circles  of  precision  theodolites  work  on  the  same  principle 
as  some  engineering  tiltmeters.  The  liquid  compensator  of  the  Kern  E3  electronic 
theodolite  gives  repeatability  better  than  0.3".  Therefore,  the  theodolite  may  also  be  used 
as  a  tiltmeter  giving  the  same  accuracy  as,  for  instance,  Ae  Electrolevel. 

Tiltmeters  have  a  wide  range  of  afiplicatioas.  A  series  of  tiltmeters  if  arranged  along 
a  terrain  profile  in  a  mining  area  may  replace  geodetic  levelling  in  Ae  derermination  of 
ground  subsidence  [Chrzanowsld  ct  aL,  1980]  as  is  shown  in  Figure  4.5.  For  mstance, 
Ae  subsidence  of  point  4  wiA  respect  to  point  1  may  be  calculated  from  Ae  observed  dlt 
angles  and  known  distances  between  the  pomts  as: 

^4  *  +  S3(0(3  +  CL^yZ  . 

Similarly,  deformation  profiles  of  tall  buildings  may  be  determined  by  placing  a  series  of 
tiltmeters  at  different  levels  of  Ae  structure  [Kahmen,  1978]. 

In  geomechanical  engineering,  the  most  popular  qrplication  of  tiltmeters  is  in  slope 
stability  stuAes  and  m  earA  dams.  Torpedo  type  bi-axial  inclinometers  are  used  to  scan 
boreholes  drilled  to  Ae  depA  of  an  expected  sAble  strata  in  Ae  slope.  By  lowering  Ae 
inclinometer  on  a  cable  wiA  marked  als  and  taking  readings  of  Ae  inclmometer  at 
Aose  mtervals,  a  full  profile  of  Ac  borehole  and  its  changes  may  be  determined  through 
repeated  surveys.  SINCO,  Terra  Technology,  and  oAer  producers  of  tiltmeters  provide 
special  bcnehole  inclinometers  (50  cm  or  2  feet  long)  of  Ac  torpedo  type  wiA  wheels. 
Special  borehole  casing  (vmyl  or  aluminum)  wiA  guiding  groves  for  Ae  wheels  is 
available.  Usually  Ae  servo-accelerometer  tjrpe  inclinometers  are  used  wiA  various  ranges 
of  inclination  measurements,  for  instance,  ±tt\  ±S3^  or  even  190**.  A  40  m  deep  borehole 
if  measured  every  50  cm  wiA  an  inclinometer  of  only  100"  accuracy  should  allow  for 
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FIG. 4. 5.  Ground  subsidence  determination  using  tiltmeters 


FIG. 4. 6.  Telemetric  monitoring  of  ground  movement  in  Sparwood.B.C. 
using  UNB/CANMET  telemetry  system  and  Terra  Technology 
bi-axial  tiltmeters  (Chrzanowski  et  al.,1980) 


determination  of  the  linear  lateral  displacement  of  the  collar  of  the  borehole  with  an 
accuracy  of  2  mm. 

in  cases  of  a  difficult  access  to  the  monitored  area  and/or  a  need  for  continuous  data 
acquisition,  the  tiltmeteis  or  borehole  inclinometers  are  left  in  place  at  the  observing  station 
with  a  telemetry  monitoring  system.  Figure  4.6  shows  an  example  of  a  station  set-up  of  a 
telemetric  monitoring  of  ground  subsidence  in  a  mining  area  near  Sparwood,  B.C..  using  a 
telemetry  system  developed  for  CANMET  at  the  University  of  New  Brunswick 
[Chrzanowski  et  al.,  1980;  Chrzanowski  and  Fisekci,  1982].  Terra  Technology  bi-axial 
servo-accelerometer  tiltmeters  of  ±1**  range  were  used  in  the  study.  The  same  telemetry 
system  has  been  adapted  f<v  mcmitruing  SINCO  borehole  inclinometers  (Figure  4.7)  at 
Syncrude  Canada  Ltd.  oilsands  mining  in  northern  Alberta  [Chrzanowski  et  al..  1986a]. 
The  telemetry  system  may  work  with  up  to  256  field  stations.  Each  station  accepts  up  to  6 
sensors  (not  only  tiltmeters  but  any  type  of  instrument  with  electric  ouqMit). 

4.2  Hydrostatic  Levelling 

If  two  connected  containers  (Figure  4.8)  are  partially  filled  with  a  liquid,  then  the 
heights  h  j  and  h2  ate  related  through  the  hydrostatic  equation: 
hi  +  P|  /  (gj  pj)  *  hj  +  p2  /  (g2  P2)  =  const 

where  P  is  the  barometric  pressure,  g  is  gravity,  and  p  is  the  density  of  the  liquid  which  is 
a  function  of  ten^jerature. 

The  above  relationship  has  been  enqtloyed  in  hydrostatic  levelling,  as  schematically 
shown  in  Figure  4.9.  The  air  tube  cminecting  the  two  containers  eliminates  a  possible 
error  due  to  different  air  pressures  at  two  stations.  The  temperature  of  the  liquid  should 
also  be  maintained  constant  because,  for  instance,  a  difference  of  1.2'*C  at  two  containers 
may  cause  an  error  of  O.QS  mm  in  Ah  determination  for  an  average  h  »  0.2  m  and  t  =  20^. 
Figures  4.10  and  4.11  show  exanq)les  of  two  typical  hydrostatic  instruments  which  arc 
used  in  precision  levelling.  The  ELWAAG  001  is  a  fully  automatic  instrument  with  a 
travelling  (by  means  of  an  electric  stepping  motor)  sensor  pin  which  closes  the  electric 
circuit  upon  touching  the  surface  the  liquid.  A  standard  deviation  of  0.03  nun  is  claimed 
over  distances  of  40  m  between  the  instruments  [Schnodelbach,  1980].  Another  automatic 
system  (Figure  4.12),  the  Nivomatic  Telenivelling  System,  is  available  from  Telemac  or 
Roctest  Ltd.  The  Nivomatic  uses  the  inductance  transducers  which  translate  the  up  and 
down  movements  of  the  floats  into  electric  signals  (frequency  changes  in  the  resonant 
circuit).  An  accuracy  of  ±0.1  nun  is  claimed  over  a  24  m  length. 

The  hydrostatic  levels  may  be  used  in  a  form  of  a  netwcuk  of  permanently  installed 
instruments  to  monitor  tilts  of  large  structures.  Robotti  and  Rossini  [1984]  report  on  a 


FIG. 4. 7.  Telemetric  monitoring  of  slope  stability  using 
UNB/CANMET  telemetry  system  and  SINCO  borehole 
inclinometer  (Chrzanowski  et  al.,1986) 
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FIG. 4. 8.  Hydrostatic  equilibrium  of  connected  vessels 
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FIG. 4. 9.  Principle  of  hydrostatic  levelling 
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FIG. 4. 10.  Hydrostatic  level  of  Freiberger  Prazisionmechanik 
with  a  manual-optical  readout  system 
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FIG. 4. 12.  NIVOMATIC  Telenivelling  System  with  continuous  data 
acquisition  (Teleinac,Roctest) 


DAG  network  nionitoring  system  available  from  SIS  Geotecnica  (Italy)  which  offers  an 
accuracy  of  about  0.01  mm  using  also  irKiuctive  transducers  in  the  measurements  of  liquid 
levels. 

Various  systems  of  double  liquid  (e.g.,  water  and  mercury)  settlement  gauges  based 
on  the  principle  of  hydrostatic  levelling  are  used  for  monitoring  power  dams  [Hanna  1985] 
with  extended  networks  of  connecting  tubing. 

The  instruments  with  direct  measurement  of  the  liquid  levels  are  limited  in  the 
vertical  range  by  the  height  of  the  containers.  This  problem  may  be  overcome  if  liquid 
pressures  are  measured  instead  of  the  changes  in  elevation  of  the  water  levels.  Pneumatic 
pressure  cells  or  pressure  transducer  cells  may  be  used.  Hanna  [1985]  gives  numerous 
examples  of  various  settlement  gauges  based  on  that  principle. 

4.3  Suspended  and  Inverted  Plumb  Lines 

Two  types  of  mechanical  plumbing  are  used  in  controlling  the  stability  of  vertical 
structures  (Figure  4.13): 

(1 )  suspended  plumb  lines 

(2)  floating  plumb  lines  also  called  inverted  or  reversed  plumb  lines. 

Typical  applications  are  in  monitoring  of  power  dams  and  monitoring  of  stabiliQ'  of 
reference  survey  pillars.  The  suspended  plumb  lines  are  also  commonly  used  in  mine 
orientation  surveys  and  in  monitoring  the  stability  of  mine  shafts. 

The  floating  plumb  lines  have  become  standard  instrumentation  in  large  dams  (e.g.. 
Hydro  Quebec  uses  them  routinely).  Their  advantage  over  the  suspended  plumb  lines  is  in 
a  possibility  of  monitoring  absolute  displacements  of  structures  with  respect  to  deeply 
anchored  points  in  the  foundation  rocks  which  may  be  considered  as  stable.  In  the  case  of 
power  dams,  the  depth  of  the  anchors  must  be  30  m  or  even  more  below  the  foundations  in 
order  to  obtain  the  absolute  displacements  of  the  surface  points.  The  main  problem  in  the 
case  of  the  floating  plumb  lines  is  drilling  of  vertical  boreholes  so  that  the  vertical  wire  of 
the  plumb  line  would  have  fteedom  of  motion.  A  special  technique  for  drilling  the  vertical 
holes  has  been  developed  at  the  Hydro  (^ebec  Co.  [Dubreuil  and  Hamelin,  1974]. 

Several  types  of  recording  devices  which  measure  displacements  of  structural  points 
with  respect  to  the  vertical  plumb  lines  are  produced  by  difterent  companies.  The  simplest 
are  mechanical  or  electro-mechanical  micrometers  with  which  the  plumb  wire  can  be 
positioned  with  respect  to  reference  lines  of  a  recording  (coordinating)  table  with  an 
accuracy  of  ±0.2  mm  or  better.  Travelling  microscopes  may  give  the  same  accuracy. 
Automatic  sensing  and  recording  is  possible  with  a  Telecoordinator  from  Huggenberger 
Ltd.  Telemac  Co.  (Bance)  devel<^)ed  a  system.  Telependulum  (marketed  in  Canada  by 


float 


b) 


FIG. 4. 13.  Inclination  measurements  with  mechanical  plumb  lines 

a)  suspended  plumb  line  b)  floating  (reversed)  plumb-line 


FIG. 4. 14.  Inductive  sensor  TELEPENOULUM  (Telemac)  for  remote 

inclination  measurements  with  mechanical  plumb  lines 


Roctest),  for  continuous  sensing  of  the  position  of  the  wire  with  remote  reading  and 
recording.  Figure  4.14  illustrates  the  basic  principle  of  the  system.  The  rigidly  mounted 
reading  table  supports  two  pairs  of  induction  type  proximity  sensors  arranged  on  two 
mutually  perpendicular  axes.  A  hollow  cylinder  is  fixed  on  the  pendulum  wire  at  the 
appropriate  level,  passing  through  the  centre  of  the  table  and  between  the  sensors. 
Changes  in  the  width  of  the  gap  (resolution  ±0.01  mm)  between  the  target  cylinder  and  the 
sensors  are  detected  by  the  corresponding  changes  in  the  induction  effect 

An  interesting  Automated  Vision  System  has  been  developed  by  Spiectron 
Engineering  (Denver,  Colorado).  The  system  uses  solid  state  electronic  cameras  to  image 
the  plumb  line  with  a  resolution  of  about  3  ^un  over  a  range  of  about  75  mm.  Several 
plumb  lines  at  Glen  Canyon  dam  and  at  Monticello  dam,  near  Sacramento,  California,  use 
the  system. 

Two  sources  of  error,  which  may  sometimes  be  underestimated  by  the  user,  may 
strongly  affect  the  plumb  line  measurements: 

(1)  influence  of  air  currents 

(2)  spiral  shape  of  the  wire. 

If  the  wire  of  the  plumb  line  with  weight  Q  is  exposed  along  a  length  h  (Figure  4.  IS) 
to  an  air  current  of  velocity  v  at  a  distance  H  from  the  anchored  point,  then  the  plumb  line 
is  deflected  by  an  amount: 

e  =  fohH/Q  . 

where  f^  is  the  acting  force  of  air  current  per  unit  lengdi  of  the  wire.  The  value  of  f^  may 
approximately  be  calculated  [Chrzanowski  et  aL,  1967]  from: 
fg  =  0.08  d  v2/Q  , 

where  d  is  the  diametie  of  the  wire,  v  is  in  metres  per  second,  and  Q  is  in  kilograms. 
Example:  H  =  50m,h  =  5m,  d=l  mm,  Q  =  20  kg,  and  v  =  Im/s  (only  3.5  km/h): 
e  =  1  mm. 

The  second  source  of  error,  which  is  usually  underestimated  in  practice,  is  that  the 
spiral  shape  of  the  wire  (Figure  4.16)  affects  all  wires  unless  they  are  specially 
straightened  or  suspended  for  a  prolonged  time  (say,  several  months). 

If  the  wire  changes  its  position  (rotates)  between  two  campaigns  of  measurements, 
then  the  recorded  displacements  could  have  a  maximum  enor  of  2r.  The  value  of  r  can  be 
calculated  [Chrzanowski,  1967]  from 
r  =  (nd^E)  /  (64  RQ)  , 

where  E  is  Young's  modulus  of  elasticity  ("  2  x  lO’’  kg/cm^  for  steel),  and  R  is  the  radius 
of  the  free  spirals  of  the  unloaded  wire  which,  typically,  is  about  15  cm  for  wires  up  to 
1.5  mm  diameter. 


Fig. 4. 15.  Influence  of  air  current 
on  mechanical  plumb  lines 
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FIG. 4. 16.  Error  due  to  the 
spiral  shape  of 
the  wire 


1. Tank  with  float 

2.  Wire 

3.  Reading  table 

4.  counterweight  tension 

5.  Bench  mark 

6.  Level ling  wire 

7.  Casing  (60  mm  diam.) 

8.  Tank  and  weight  (11  kg) 

9.  Removable  anchor-head 


FIG. 4, 16.  Double  pendulum  with 
wire  bench  marks  at 
Hydro-Quebec  (Boyer 
and  Hamelin,1985) 


Example:  For  a  plumb  wire  with  d  =  1  mm,  R  =  15  cm,  and  Q  =  20  kg, 
r  =  0.3  nun. 

If  one  plumb  line  cannot  be  established  through  all  levels  of  the  monitored 
structures,  then  a  combination  of  suspended  and  inverted  plumb  lines  may  be  used  (Figure 
4. 16)  as  long  as  they  overlap  at  least  at  one  level  of  the  structure.  At  Hydro  Quebec,  the 
drill  holes  of  the  plumb  lines  are  also  used  for  monitoring  height  changes  by  installing 
tensioned  invar  wires,  as  shown  in  Figure  4.16  [Boyer  and  Hamdin,  1985]. 


5.  Alignment  Methods 
5.1  General  Remarks 

The  alignment  surveys  cover  an  extremely  wide  spectrum  of  engineering 
applications  from  tooling  industry  through  measurements  of  amplitude  of  vibrations  of 
engineering  structures  to  deformation  monitoring  of  several  kilometres  long  nuclear 
accelerometers.  Each  application  may  require  different  specialized  equipment  for 
measuring  offsets  of  monitored  points  from  the  reference  line  of  alignment  Some 
previously  described  methods  of  deformation  surveys,  for  instance,  inclination 
measurements  of  engineering  stractures  using  mechanical  plumb  lines,  could  also  be 
classified  as  the  alignment  surveys,  because  the  plumb  line  serves  as  a  reference  line  for 
offset  measurements  of  selected  points  which  is  a  basic  procedure  of  the  alignment 
measurements. 

The  aligmnent  surveys  may  be  classified  according  to  die  method  of  establishing  the 
reference  line: 

*  geodetic  methods  in  which  the  reference  line  is  defined  by  coordinates  of  two  reference 
points  of  the  alignment  line; 

*  mechanical  methods  in  which  stretched  wire  (steel,  nylon,  etc.)  establishes  the 
reference  line; 

*  direct  optical,  in  which  the  optical  line  of  sight  or  a  laser  beam  **matk”  die  line;  and 

*  diffraction  method  in  which  the  reference  line  is  created  by  projecting  a  pattern  of 
diffraction  slits. 

There  are  also  some  other  methods  more  suitable  to  a  laboratory  rather  than  for  field 
applications,  for  instance,  interferometric  measurements  of  deflections  [Chrzanowski, 
1974]  which  ate  not  discussed  in  this  review.  The  geodetic  methods  (traversing,  small 
angle  deflections,  etc.)  which  utilize  die  conventional  surv^ing  tediniques  with  dieodolite 
and  fixed  targets  were  described  in  the  earlier  presentation  on  surveying  mediods  [Secord, 


1986]. 

Both  direct  optical  and  diffraction  methods  are  affected  by  the  atmospheric  refraction 
in  the  same  way  as  any  other  surveymj;  method  based  on  optical  instrumentation.  In  the 
case  of  alignment  in  a  horizontal  plane,  the  influence  of  lateral  refraction  in  the  open 
atmosphere  is  usually  much  smaller  than  in  the  vertical  plane  near  the  ground  and  very 
often  of  a  random  rather  than  systematic  character.  However,  in  industrial  applications, 
for  instance  when  using  an  alignment  method  in  galleries  of  a  hydro-electric  power  house, 
the  heat  from  generators  may  produce  large  gradients  of  temperature  across  the  optical 
reference  line.  When  the  constant  gradient  of  temperature,  dT/dy,  is  persistent  across  the 
length  s  of  the  alignment  line  then  the  maximum  error  of  alignment  can  approximately  be 
calculated  from: 

^ymax  =  s^P(<n”/dy)  lO'^  /  , 

which  is  valid  for  an  average  wavelength  of  the  visible  light,  where  P  is  the  barometric 
pressure  in  [mb],  T  is  the  teii^)erature  in  [K],  and  dT/dy  is  in  [*’C/m].  The  above  equation 
has  been  derived  on  the  basis  of  a  more  detailed  discussion  in  Chrzanowsld  et  al.  [1976]. 
For  example,  if  dT/dy  *  0.3®Om,  s  *=  200  m,  T  =  300K,  and  P  =  1000  mb,  the  expected 
maximum  error  of  alignment  (in  the  centre  of  the  line)  would  be  1.3  mm  or  6  x  10^  of  s. 

In  deformation  surveys,  dte  influence  of  refraction  can,  of  course,  be  neglected  if  die 
same  gradients  of  temperature  appear  in  all  repeated  surveys. 

The  mechanical  methods,  though  not  affected  by  the  refraction,  may  be  influenced 
by  other  environmental  conditions  such  as  air  flow  [Chrzanowsld,  1983]  and  the  spiral 
shape  of  the  wire  similarly  as  already  discussed  in  the  inclination  measurements  with 
plumb  lines. 

Therefore,  the  choice  of  the  alignment  method  requires  a  careful  analysis  of  the 
environmental  conditions. 

5.2  Mechanical  Methods 

The  methods  with  tensioned  wires  as  the  reference  lines  have  found  many 
applications  due  to  their  simplicity,  high  accuracy,  and  easy  adaptation  to  continuous 
monitoring  of  deformations  over  distances  up  tt>  a  few  hundred  metres. 

For  example,  Jakob  [1969]  and  Zill  [1970]  describe  an  application  of  the  method  for 
deformation  surveys  in  large  dams.  They  used  steel  wires  with  1  mm  diameter  suspended 
at  both  ends  and  stretched  with  a  tension  of  10  to  50  kg.  The  offsets  at  intermediate  points 
were  measured  electrically,  using  inductive  sensors.  In  order  to  dampen  the  vibrations  of 
the  wire  and  at  the  same  time  to  suspend  the  wire,  a  float  swimming  in  oil  has  been  used. 
This  type  of  equipment  is  appropriate  for  a  permanent  installation  in  the  galleries  of  large 


dams  or  any  other  long  structures.  Accuracies  of  dbO.lO  mm  are  repented.  Pelzer  [1976] 
describes  a  similar  system  as  shown  in  Figure  S.  1. 

A  high  precision  alignment  system  using  a  nylon  line  of  0.2  mm  diameter  with 
tension  of  1.5  kg  was  developed  [Gervaise,  1974]  at  the  aforementioned  European  Centre 
for  Nuclear  Research  (CERN).  The  system  is  composed  of  two  centring  devices  for  the 
suspension  and  tensioning  of  the  nylon  line  and  an  offset  measuring  device  consisting  of  a 
microscope  and  a  micrometer,  as  shown  in  Figure  5.2.  The  system  has  successfully  been 
used  over  distances  up  to  96  m  with  standard  deviations  between  0.035  mm  to  0.070  mm 
in  calm  air  conditions.  Some  difficulties  were  reported  when  measuring  in  air  currents, 
and  in  those  cases  the  nylon  mechanical  system  had  to  be  replaced  with  a  laser  aligning 
method  [Gervaise,  1976]. 

The  principle  of  the  mechanical  alignment  has  found  applications  in  geomechanics 
for  measuring  ground  movements  transveise  to  the  axis  of  a  borehole  [Hanna,  1985]  using 
deflectometers.  An  example  is  shown  in  Figure  5.3.  In  this  instrument,  a  tensioned  wire 
passes  over  knife  edges  at  various  points  altmg  its  length  and  transducers  measure  the 
angular  change  in  direction  of  the  wire  at  the  knife  edge.  Thus  relative  movements  or 
deflections  are  measured.  Muller  and  Muller  [1970]  discuss  die  use  of  the  deflectometer 
for  earth  dam  instrumentation  and  quote  an  accuracy  of  d0.04  mm  with  about  5  m  spacing 
of  the  knife  edges. 

53  Direct  Optical  Alignment 

The  method  utilizes  either  an  optical  telescope  and  movable  targets  with  the 
micrometric  sliding  devices  or  a  collimated  (projected  through  the  telescope)  laser  beam 
and  movable  photocentring  targets.  Besides  the  aforementioned  influence  of  the 
atmospheric  refraction,  pointing  and  focussing  are  the  main  sources  of  error  when  using 
optical  telescopes.  The  pointing  error  with  prc^ierly  designed  targets  [Chrzanowski,  1974] 
varies  from  15’'/M  in  the  calm  atmospheric  conditions  at  night  to  60*'/M  in  daylight  in 
average  turbulent  amdidons,  where  M  is  the  magnification  of  the  telescope.  The  focussing 
error  in  precision  telescopes  may  have  an  extreme  value  of  one  second  of  arc  but  it  is 
practically  eliminated  if  the  survey  is  repeated  firom  botfi  ends  of  the  alignment  line  in  two 
positions  (direct  and  reversed)  of  the  telescqre. 

Special  aligning  telescopes  with  large  magnification  (up  to  l(X)x)  are  available  from, 
among  others,  Fennel-Cassell  (West  Germany)  and  Zeiss-Jena  (East  Germany).  Aligning 
telescopes  for  the  tooling  industry  and  machinery  alignments  are  available  in  N<^ 
America  from  Keuffel  and  Esser  Company.  When  the  optical  line  of  sight  is  r^laced  by  a 
collimated  laser  beam,  then  the  accttracy  of  pointing  may  be  considerably  improved  if 


special  self-centring  laser  detectors  with  a  time  integration  of  the  laser  beam  energy  arc 
used  [Chrzanowski,  1974],  The  use  of  laser  allows  for  an  automation  of  the  alignment 
procedure  and  for  a  continuous  data  acquisition.  However,  when  using  the  laser  beam 
directly  as  the  reference  line,  one  has  to  pay  attention  to  the  stability  of  the  laser  cavity. 
Due  to  thermal  effects  on  the  laser  cavity,  a  directiorud  drift  of  the  laser  beam  as  high  as 
may  occur  [Chrzanowski  and  Ahmed,  1971].  The  latter  effect  is  decreased  by  a 
factor  of  M  when  projecting  the  laser  through  a  telescope  [Chrzanowski  and  Janssen, 
1972]. 

S.4  Alignment  with  Di^racdon  Gratings 

The  method  is  illustrated  in  Figure  5.4.  The  pinhole  source  of  a  monochromatic 
(laser)  light,  the  centre  of  the  plate  with  diffraction  slits,  and  the  centre  of  the  optical  or 
photoelectric  sensor  are  the  three  basic  points  of  the  alignment  line.  If  two  of  the  three 
points  are  fixed  in  their  position,  then  the  third  may  be  aligned  by  centring  the  redcle  on  the 
interference  pattern  created  by  the  diffracdon  gradng. 

It  should  be  pointed  out  that  movements  of  the  laser  and  of  its  output  do  not 
influence  the  accuracy  of  this  method  of  alignment  because  the  laser  serves  only  as  a 
source  of  monochromadc  light  and  not  as  the  reference  line.  Therefore,  any  type  of  laser 
may  be  employed  in  this  method,  even  die  simplest  and  the  least  expensive  ones,  as  long 
as  the  ou^ut  power  requirements  ate  satisfied.  Two  types  of  diffraction  gratings  are 
commonly  used:  equidistant  circular  slits,  and  Fresnel  zone  plates  (Hgure  53).  Both 
Qrpes  have  found  a  very  wide  use  in  precision  displacement  measurements. 

Equidistant  circular  gratings  are  enqiloyed  in  a  commercially  available  aligning 
system  (the  alignoscope)  produced  by  Ahrend-Export  in  Holland.  In  this  system,  the 
diffracdon  plate  produces  a  circular  interference  pattern  which  is  observed  by  a  telescope 
equipped  with  a  circular  redcle.  The  alignoscope  has  been  used  in  several  industrial 
projects  and  has  given  accuracies  of  the  alignment  close  to  10^  of  the  distance.  Its  range 
in  the  open  atmosphere  is  limited,  however,  to  a  maximum  of  1(X)  m  because  of  difficulty 
in  identifying  the  centre  of  the  interference  pattern  over  longer  distances  in  turbulent  air. 

The  Fresnel  zone  plate  employs  such  spacing  and  widdi  of  slits  that  all  rays  of  the 
laser  beam  that  produce  negative  interference  after  the  diffraction  are  cut  off  by  opaque 
circular  zones.  This  can  be  done  by  designing  the  distances  s  between  the  centre  of  the 
plate  and  edges  oi  die  slits  as  equal  to 
s„  «  VmX  (ab  /  (a  +  b))  , 

where  Sg^  is  the  radius  to  the  edge  as  counted  frxnn  die  centre,  a  and  b  are  distances 
from  die  source  of  light  to  the  zone  place  and  from  the  plate  to  the  image-observing  screen. 
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FIG. 5. 3.  Measurement  of  borehole  deflections  with 
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laser!— - 

1 

diaphragm 


coars* 
grating  or 
Frosnol  son« 
plat* 


'observer 


retick 
or  *l*Clro- 
optic  sensor 


FIG. 5. 4.  Principle  of  the  diffraction  method  of 
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The  image  that  is  formed  by  the  Presnel  zone  plate  contains  a  very  bright  spot  at  its 
centre  with  very  faint  rings  around  it  The  zone  plate  acts,  therefore,  as  a  focussing  lens 
with  the  focal  length  calculated  from: 

f  =  (s„^/mX)  =  =  (ab  /  (a  +  b))  . 

Intensity  of  light  in  the  central  bright  spot  of  the  image  is  approximately  m^  larger 
than  it  would  be  without  the  zone  plate  between  the  source  of  light  and  the  observing 
screen. 

If  a  pinhole  source  of  light  is  placed  at  distance  a  from  the  zone  plate,  then  the 
bright,  focussed  spot  is  created  at  distance  b.  Therefore,  when  a  number  of  points  are  to 
be  aligned  along  one  line  with  different  a  and  b  distances,  different  zone  plates  must  be 
designed  for  each  point  The  method  gives  very  high  accuracy  over  long  distances.  Rm- 
instanrf^  rectangular  Fresnel  zxxic  plates  with  an  electro-optical  centring  device  were  used 
in  alignment  and  deformation  measurements  of  a  3  km  long  nuclear  accelerator 
[Herrmannsfeldt  et  al.,  1967]  giving  relative  accuracy  (in  a  vacuum)  of  10'"^  of  the 
distance,  In  the  open  atmosphere,  die  effect  of  die  thermal  turbulence  of  air  seems  to  have 
a  smaller  effect  when  using  the  Fresnel  zone  plates  than  in  the  case  of  the  direct  optical 
alignment  [Chrzanowsld  et  aL  1976]. 

6.  Closing  Renurks 

As  indicated  in  die  intioducdoo,  out  of  hundreds  available,  only  a  sanqile  selection 
of  models  of  various  geotechnical  instruments  have  been  briefly  discussed  in  this 
presentation.  Many  of  them  give  conqiadble  <»-  better  accuracy  than  geodetic  methods. 
The  decision  on  which  instruments  should  be  used  and  where  they  should  be  located  must 
be  in  the  hands  of  an  experiencedpetson  whois  very  familiar  with  bodi  geotechnical  and 
geodetic  methods  and  has  a  good  understanding  of  the  behaviour  of  the  deformable  object 
This  leads  to  a  need  for  a  jnoper  preanaljrsis  and  optimization  of  a  proposed  measuring 
scheme  which  should  be  based  on  the  best  possible  combination  of  all  the  available 
measuring  instrumentation.  The  design  of  localization  of  the  instruments  should  satisfy 
not  only  the  best  geometrical  strength  of  the  network  of  the  observation  stations,  as  is  die 
case  in  geodetic  positioning  surveys,  but  should  primarily  satisfy  the  needs  of  the 
subsequent  physical  interpretation  of  the  monitoring  results  [Chen  and  Chrzanowski, 
1986],  should  give  optimal  results  when  stdving  for  the  defonnation  parameters  of  the 
selected  deformation  model  [Chrzanowski  et  aL  1986b].  An  integration  of  all  available 
results  of  geotechnical  ud  geodetic  measurements  should  be  incorporated  into  a 


simultaneous  analysis  of  deformations.  This  is  possible  nowadays  by  using  the  University 
of  New  Brunswick  Generalized  Method  of  deformation  analysis  [Chrzanowski  et  al., 
1986b]. 

There  is,  veiy  unfmtunately,  a  wnmg  attitude  among  managers  of  large  industrial 
entities  (mines,  power  dams,  etc.)  toward  deformation  surveys;  generally,  the  monitoring 
surveys  are  initiated  only  when  some  dangoous  events  occur,  for  instance,  caving  of  the 
surface,  or  a  fatal  accident  in  the  mining  operation,  or  cracking  of  walls  of  a  hydroelectric 
structure.  This  is  usually  too  late  to  start  precision  monitoring  sunreys  because  there  is  no 
reference  survey  to  which  a  monitoring  survey  can  be  referred.  A  proper  interpretation  of 
the  surveys  is  impossible  and  the  ad  hoc  OTganized  survey  in  the  emergency  situation 
cannot  be  properly  designed.  Hundreds  of  expensive  instruments  are  placed  on  the 
structure  in  hastily  designed  locations.  Finally,  no  one  knows  subsequently  what  exactly 
to  do  with  all  the  results. 

In  order  to  give  an  idea  of  the  amount  of  instrumentation  employed  on  some 
structures,  an  exartqrle  is  given  for  Tarbela  dam  in  Pakistan  [Hanna,  1985].  The  dam  is 
founded  on  deep  alluvial  deposits  of  boulders,  gravels,  and  sands.  The  rock  is  weak  with 
many  folds,  shear  zones,  and  faults.  The  project  (generating  capacity  of  2100  MW) 
includes  a  3  km  long  and  over  100  m  high  main  embankment  dam,  6  tunnels  iq>  to  15  m  in 
diameter,  spillways,  power  houses,  and  some  auxiliary  dams.  Construction  was 
completed  in  1974  and  some  problems  already  started  arising  during  initial  fiUing  of  the 
reservoir;  one  tunnel  was  damaged,  about  360  sink  boles  and  about  140  cracks  were 
observed  in  the  upstream  clay  blanket  The  instrumentation  for  movements  monitoring 
includes  about  300  multipoint  cable  and  rod  extensomcters,  90  invar  tape  extensometers, 
412  strain  meters,  96  torpedo  inclinometers,  24  in-place  inclinometers,  about  85  double 
fluid  settlement  gauges  with  a  total  of  1200  m  of  tubing,  84  joint  meters,  and  a  large 
amount  of  other  geotechnical  instrumentati(Mi  for  stress,  water  pressure,  seppage, 
microseismicity,  and  earthquake  peak  measurements.  The  geodetic  surveys  are  not 
mentioned  in  the  description  by  Harma  [1985]. 
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APPENDIX  I 


SAMPLE  LIST  OF  PRODUCERS  AND/OR  DISTRIBUTORS 
OF  GEOTECHNICAL  INSTRUMENTS 


Eastman  Whipstock  GmbH 
Gutenbergstrasse  3 
3005  Hannovcr-Wcstcrfeld 
West  Germany 


Geotechnical  Instruments  Ltd. 

Station  House  Old  Warwich  Road 
Leamington  Spa,  Warwickshire  CV3 1  3HR 
England 


Huggenberger  Ltd. 

Holstrasse  176 

CH-8040  Zurich 

Switzerland 

IRAD  GAGE 

Etna  Road 

Lebanon,  NH  03766 

U.S.A. 

Maihak  AG 

Semperstrasse  38 

D-2000  Hamburg  60 

West  Germany 

Roctest  Lt6e  Ltd. 

665  Pine 

Montreal,  P.Q. 

Canada  J4P^4 

RST  Instruments  Ltd. 

1 780  M^jean  Avenue 

Port  Coquitlam,  B.C. 

Canada  V3C4K9 

Schaevitz  Engineering 

P.O.  Box  505 

Camden,  NJ  08101 

U.S.A. 

Serata  Geomechanics,  Inc. 

4124  Lalreside  Drive 

Richmond,  CA  94806 

U.S.A. 

SINCO  (Slope  Indicator  Co.) 
3668  Albion  Place  N. 

Seattle,  WA  98103 

U.S.A. 

Soil  Instruments  Ltd. 

Bell  Lane,  Uckfleld 

East  Sussex  TN22  IQl 

England 

Solexperts  AG 

Postfach  274 

CH-8034  Zurich 

Switzerland 

Solinst  Canada  Ltd. 

2440  Industrial  St 

Burlington,  Ontario 

Canada  L*^  IAS 

SIS  Geotecnica 

Via  Roma,  IS 

20090  Segrate  (Mi) 

Italy 

Telemac 

2  Rue  Auguste  Thomas 

92600  Asnieres 

France 

Terrametrics 

16027  West  5  th  Avenue 
Golden,  CO  80401 

U.S.A. 

Terra  Technology 

3860  -  148th  Avenue  N£. 
Redmond,  WA  980S2 

U.S.A. 
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A  STRATEGY  FOR  THE  ANALYSIS  OF  THE 
STABILITY  OF  REFERENCE  POINTS  IN 
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im^g  Y.Q.  Chfan*,  Adam  Chrzanowski.  and  J.M.  Secord 

Departmant  of  Surveying  Engineering.  University  of  New  Brunswick 
Fr^ricton,  New  Brunswick 


Confirmation  of  the  stability  of  reference  points  is  one  of  the  main  problems  in  deformation  analy¬ 
sis.  The  difficulty  lies  in  the  datum  defects  of  monitoring  networks.  A  strategy  has  been  developed  by  the 
authors  and  succfssfuUy  applied  in  a  number  of  projects.  The  method  leading  to  the  minimizadon  of  the 
first  norm  of  the  vector  of  displacements  of  r^erence  points  has  been  designed  for  identifying  unstable 
reference  poitus.  Having  flagged  the  unstable  reference  points,  estimation  and  statistical  testing  of  their 
displacements  are  performed. 

Two  examples  are  given.  A  vertical  reference  network  is  analyzed  step  by  step  to  illustrate  the  pro¬ 
posed  strategy.  Results  of  analyzing  a  horizontal  reference  network  for  monitoring  a  gravity  dam  are 
given  in  the  second  example. 


La  coifirmation  de  la  stalulite  des  points  de  rfference  consdtue  I'un  des  prirudpaux  problemes  dans 
r  analyse  des  deformations.  La  difficulte  reside  dans  I'imperfection  des  donnees  des  riseaux  de  surveillance. 
Les  auteurs  ont  mis  au  point  une  stratigie  gu'Us  ont  appliquee  avec  succes  a  un  certain  nombre  de  projets. 
La  mithode  menant  d  la  minimisation  de  la  premiere  norme  du  vecteur  des  deplacements  des  points  de 
reference  a  ete  congue  pour  identfier  les  points  de  rfference  instables.  Apres  avoir  ainsi  idendfU  ces 
demiers,  une  estimation  et  une  analyse  statistique  de  lews  deplacements  sont  alors  effectuees. 

Deux  exemples  sont  donnes.  Un  reseau  de  reference  verticale  est  ana'vsi  de  fagon  systemaiique  pow 
illustrer  la  strategic  proposee.  Les  resultats  de  f  analyse  du  reseau  de  re, ,  fence  horizontale  d  des  fins  de 
surveillance  dun  barrage  fig  went  dans  le  second  exemple. 


Introduction 


Most  surveying  schemes  for  monitoring 
deformations  are  comprised  of  several  reference 
points  against  which  the  displacements  of  the 
object  points  are  calculated.  To  obtain  the  absolute 
displacements  of  the  object  points,  the  stability  of 
the  reference  points  must  be  ensured  and  any 
unstable  points  identified.  Otherwise,  the  calculat¬ 
ed  displacements  of  the  object  points  and  the  sub¬ 
sequent  analysis  and  interpretation  of  the  defor¬ 
mation  of  the  object  may  be  significantly  diston- 
ed.  Figure  1  illustrates  a  situadon  where  points  A, 
B.  C.  and  D  are  reference  points  and  the  others, 
object  points.  If  point  B  has  moved  but  is  not 
idmufied  and  is  used  with  point  A  as  explicit  min¬ 
imal  constraints  in  the  adjustment  for  two  cam¬ 
paigns  of  observadons,  then  all  the  object  points 
and  reference  points  C  and  D  will  show  signifi¬ 
cant  movements  (even  when,  in  reality,  they  are 
stable).  The  reference  points  are  supposed  to  be 
located  outside  the  deformation  area.  However, 


some  of  them  may  move  due  to.  for  instance,  local 
forces  and  inappropriate  monumentauon.  Even  if 
the  reference  points  are  monumented  on  solid 
bedrock,  the  forces  which  cause  the  deformation  of 
the  object  may  also  affect  the  surroundings  over  a 
large  area.  Therefore,  the  stability  of  reference 
points  should  always  be  carefully  checked.  Unfor¬ 
tunately.  this  problem  is  very  often  underestimated 
and  neglected  in  surveying  practice. 

Over  the  past  two  decades  several  methods  for 
the  analysis  of  reference  networks  have  been 
developed  in  various  research  centers  [Pelzer 
1974;  van  Mierlo  1978;  Niemeier  1981;  Koch  and 
Fritsch  1981;  Chrzanowski  et  al.  1983;  Hedc  1983; 
Janusz  1983;  Crundig  et  al.  1985].  A  conceptual 
review  has  been  given  by  Chrzanowski  and  Chen 
[1986]. 

One  method,  developed  by  the  authors,  is  a 
special  case  of  the  UNB  gene^ized  method  for 
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Nx  =  w 


Since  no 
reference 
point  in  a 
geodetic 
monitoring 
network 
can  be 
accepted 
as  stable 
until  the 
analysis  is 
performed, 
the  network 
must  be 
treated  as 
a  free  net¬ 
work. 


Figure  1:  The  inHuence  of  an  unstable  reference 
point  (not  to  scale) 

the  analysis  of  defoimation  surveys.  This  method 
has  been  implemented  in  the  computer  package 
DEFNAN  [Chnanowsid  et  al.  1983;  Chen  1983; 
Second  1983;  Chnanowski  et  al.  1986].  Since 
1983.  the  method  has  been  successfully  af^jlied  to 
a  number  of  monitoring  networks.  This  paper  dis¬ 
cusses  the  basic  principles  of  the  method  and  the 
analysis  strategy. 


Adjustment  of  the  Observations 
in  a  Free  Monitoring  Network 

Since  no  reference  point  in  a  geodetic  moni¬ 
toring  network  can  be  accepted  as  stable  until  the 
analysis  is  performed,  the  network  must  be  treated 
as  a  free  network.  It  means  that  the  network  in 
itself  does  not  contain  enough  information  to  be 
located  in  space.  Examples  are  a  leveling  network 
without  elevation  information  of  any  point,  or  a 
horizontal  trilateration  network  without  the  kiiown 
coordinates  of  any  point  and  any  known  azimuth 
between  a  pair  of  points.  Therefote,  free  networks 
can  be  freely  translated  or  rotated  or  scaled  in 
space,  and  can  be  considered  as  suffering  from 
datum  defects. 

Consider  the  linearized  parametric  adjustment 
model  of  a  free  network  as 

/+  v  =  Ax  ,  with  (1) 

where  /  is  the  n-vector  of  observatioiis,  v  is  the  n- 
vector  of  residuals,  z  is  (he  vector  of  the  conec- 
tions  to  the  appraximaie  coonlinaies  of  the  survey 
points.  A  is  the  oonfiguiaiion  matrix.  is  the  a 

priori  variance  factor,  and  is  the  cofactor  matrix 
of  the  observaiioos.  The  least  squares  criterion 
leads  to  the  normal  equations: 


where  A=  A^Q'^A,  w=A^Q~^l.  Due  to  datum 
defects  in  the  nctwt^,  the  cocflicient  matrix,  AT. 
of  the  normal  equations  is  singular,  Le.,  det(A)  = 
0.  Therefore,  one  must  define  a  datum  to  solve  for 
X,  expressed  by  a  system  of  constraints  or  datum 
equations  as 

D^x  =  0  (3) 

in  which  there  is  an  equation  for  each  datum 
defect  of  the  network.  For  example,  a  leveling  net¬ 
work  of  m  points  with  point  P.  held  fixed,  has  the 

datum  equation  Sf/j-  =  0  where  5A//  is  the  correc¬ 
tion  to  the  approximate  height  of  point  /*/.  and 
matrix  dT  is  of  the  order  I  by  m  and  has  1  for  the 
i'^  element  and  0  elsewhere;  a  trilateration  net¬ 
work  of  m  points  with,  say,  point  /*}  and  the 
azimuth  from  point  /*]  to  point  /*3  held  fixed,  then 
the  datum  equations  are  fiyjs  0  and 
sin(ai3)8y3  •  008(013)6x3  =  0,  where  fix;  and  6y,- 
are  the  corrections  to  the  approximate  coordinates 
of  point  fj.  and  matrix  D^(3  by  2jn)  is  written  as 


[1000  0  0  ...00 

^^^  0  100  0  0  ...00 

.0000  -cosfan)  sin(an)  ...  0  0 


The  solution  of  equation  (2)  with  datum  equations 
tF  x  =  0  reads  as  [Chen  1983] 

X  =  (N+DDV*w  (4) 

with  a  cofacior  matrix 

Qx  =  (N+DDV'-H(H’^DD*^H)‘h’^  (5) 

in  which  the  matrix  H  fulfills  the  conditions  that 
rank]!/)  =  rank{D}  and  NHsC.  For  a  vertical  net¬ 
work  H  =  I,i  vector  with  all  elements  equal  to  1. 
For  a  pure  niangulation  network  of  m  points. 


-yS  xS 


,0  „0 
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•y£  x& 
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where  x^,  yP  ate  the  coordinate  components  of 
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point  Pi  with  respect  to  the  cenuoid  of  the  net¬ 
work,  i.e., 

-  (Ix>)  /  m.  =y.  -(£»)/  m 
1  1 

with  X,-.  yi  the  coordinate  components  of  point  Pi  in 

the  original  coordinate  system.  The  rows  in 
OKTespond  to  the  translations  in  the  x  and  y  direc¬ 
tions,  rotation,  and  scale  change  of  the  network, 
respectively.  For  a  trilateration  or  triangulateraiion 
network,  the  last  row  of  in  equation  6  is  not 
involved. 

In  practice,  one  could  introduce  some  pseudo- 
observations  with  very  small  variances  to  remove 
the  datum  defects.  For  example,  in  a  trilateration 
network,  the  obser\'aiions  of  an  azimuth  and  the 
coordinates  of  one  point  are  introduced.  The 
results  will  be  praiically  the  same  as  that  obtained 
from  equations  (4)  and  (5).  However,  one  should 
be  cautioned  that  ill  conditioning  of  the  normal 
equations  may  occur  due  to  very  small  variances 
for  the  pseudo-observations. 

The  solution  of  equation  (2)  with  respect  to 
the  datum  equations  dTt  =  d  can  also  be  realized 
through  a  similarity  transformation  from  any  solu- 
tion  as 


x  =  Sx.,Q*x=SQL5’‘  (7) 


with 

S  =  /  -  .  (8) 

where  H'  =  D{D^Dy^D^.  Matrix  W  in  equation  (8) 
can  be  interpreted  as  a  “weight”  matrix  in  the  defr- 
nition  of  the  datum  and  therefore  equation  (7)  is 
called  a  weighted  similarity  transformation.  If  all 
of  the  points  in  the  network  are  of  the  same  impor- 
taiue  in  defining  the  datum,  then  W  =  I  and  the 
results  become  the  “inner  constraint”  solution.  If 
only  some  points  are  used  to  define  the  datum, 
these  points  are  given  unit  weight  and  the  others 
zero  weight,  Le.,  H'  =  diag  {/,  0).  For  more  details 
on  the  adjustment  of  free  networks,  reference  can 
be  made  to  Chen  ( 1983]. 

The  a  posteriori  variance  factor  oo  and  its 
degrees  of  freedom,  df,  are  computed  from  the 
estimated  residuals  vas: 

s  ^  QIJL  .  n  -  rank  (A)  (9) 

df 

where  the  rank  of  A  for  a  complete  network  (with¬ 
out  configuration  defects)  is  equal  to  the  number 
of  unknown  parameters  x  minus  the  number  of 
datum  defects  of  the  networit. 


Identification  of  Unstable 
Reference  Points  by  Mini¬ 
mizing  the  First  Norm  of  the 
Displacement  Vector  of  Ref¬ 
erence  Points 

When  comparing  two  campaigns,  the  vector 
of  displacements  for  all  the  surveyed  points  and 
its  cofactor  matrix  are  calculated  as: 

d  =  X2  -  xi.  Q j  =  Q*.i  +  Ql2  (10) 

The  pooled  variance  factor  ^  and  its  degrees 
of  freedom  dfp  are  computable  from 

ai=  Wi(^t)-t-df7(&y\ldiff,dfp  =  dfx+df2  (11) 

where  the  subscripts  1  and  2  refer  to  the  first  and 
second  campaigns,  if  the  n  priori  variance  factor 
is  not  avail^le  and  the  statistical  test  on  the  null 
hypothesis  with  significance  level  a, 

IF(0(/2;  #2,  #1)]  '  /  Ote  <F(<x/2:  dfxdfii  (12) 

is  true.  Failure  of  the  above  test  may  be  caused 
by  incompatible  weighting  of  the  observations 
between  the  two  adjustments  or  by  incwrect 
weighting  scheme. 

As  already  mentioned,  the  displacements 
calculated  from  equation  (10)  may  be  biased  by 
a  pre-selected  datum  or  by  different  datum  defi¬ 
nitions  in  the  adjustment  of  two  campaigns, 
which  makes  identification  of  unsuble  reference 
points  difficult  To  overcome  this  problem  a 
strategy  of  minimizing  the  first  norm  of  the  dis¬ 
placement  vector  of  the  reference  points  has 
been  developed  by  the  authors  [Chen  1983].  The 
strategy  provides  a  datum  which  is  robust  to 
unstable  reference  points  and  gives  less  distored 
displacements.  For  more  on  robust  estimation, 
the  readers  are  referred  to  Huber  [1981],  and 
Caspary  [1988]. 

La  dr  and  (2!tfr  be  the  displacement  vector 
and  its  cofactor  matrix  for  the  reference  points, 
respectively,  extracted  from  d  and  in  equa¬ 
tion  (10).  Transformation  of  them  onto  another 
datum  is  performed  using  equations  (7)  and  (8) 
as 


In  practice, 
one  could 
introduce 
some 
pseudo¬ 
observations 
with  very 
small 

variances  to 
remove  the 
datum 
defects. 


d,  *  (I  -  H,(H7w4l,)  ‘H7w,}d,  =  . (*3a) 


and 


Qd,=  S/idS'r  03b) 

Matrix  is  constructed  in  the  same  manner  as 
in  the  previous  section  and  depends  on  the  union 
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of  ihc  datum  defects  in  the  two  campaigns  and  on 
the  number  of  reference  points.  For  example,  if  the 
monitoring  network  in  the  first  campaign  is  trian¬ 
gulation  which  has  datum  defects  of  two  transla¬ 
tions,  one  rotation  and  one  scale  and  in  the  second 
campaign,  a  trilateration  which  has  datum  defects 
of  two  translations  and  one  rotation,  then  the  union 
of  the  datum  defects  is  the  same  as  in  the  first 
campaign. 

The  strategy  presented  here  is  to  select  such  a 
weight  matrix  in  equation  (13a)  that  the  first 

norm  of  the  displacement  vector  dj  approaches  a 
minimum,  Le.,  Ild^l|  =  min.  Let 

called  the  transformation  parameters,  then  Uifrili  - 
11  1,  where  d/i)  is  the  i***  element  of 

and  Aj  the  i*  row  vector  of  matrix  ff^  The  condi¬ 
tion  can  be  written  as 


successive  transformed  displacement  components 
arc  smaller  than  a  tolerance  5  (say,  half  of  the 
average  accuracy  of  the  displacement  components). 

-(*) 

During  this  procedure  some  ^  (0  may  approach 
zero  causing  numerical  instabilities  bMausc 

1/ 1  dr  (0 1  becomes  very  large.  There  arc  two  ways 
to  handle  this.  One  is  to  replace  the  expression  (16) 

by  =  diag  { l/( l<i-  (0 1  +5)).  and  the  other 

is  to  set  a  lower  bound.  When  i  ^  (0 1  is  smaller 
than  the  lower  bound,  its  weight  is  set  to  zero.  If  in 

"(*) 

the  following  iterations  the  ^  0)  becomes 
significantly  large  again,  the  weights  can  be 
changed  accordingly.  The  explanation  for  the  second 
way  is  given  in  Schlossmacher  [1973).  The  above 
procedure  provides  an  approximate  solution  to 
equation  (14).  In  the  final  iteration,  say  (A+l)^, 
the  cofacior  matrix  is  calculated  from: 

Qdr=Sl**’>QdrIS{**‘>]^  07) 


Fora  two-’ 
dimensional 
network,  a 
method  of 
iterative 
weighted 
similarity 
transforma¬ 
tion  has 
been  elabo¬ 
rated  . . . 


min.{Xld^i)-A/rl)  (14) 

r  i 

^nation  (14)  may  not  always  have  a  unique  solu¬ 
tion.  This  is,  however,  not  a  problem  for  the  pur¬ 
poses  of  idetuification  of  unstable  reference  points. 

For  a  vertical  monitoring  network,  the  datum 
parameter  is  a  translation  quantity  12  in  the  vertical 
direction.  If  Wj  is  the  displacement  of  point  Pf, 
then  expression  (14 )  becomes 

min.(  Zlw.  -Xjl  ]  (15) 

ft  I 

The  solution  for  is  straightforward.  All  the  ty,-  are 
arranged  in  a  sequence  of  their  increasing  algebra¬ 
ic  values,  and  the  middle  value  is  the  value  If 

there  is  an  even  number  of  reference  points,  either 
value  of  the  two  middle  displacements  or  their 
average  can  be  used  as  tj.  In  other  words,  the  point 
or  a  pair  of  points  whose  displacement(s)  is  in  the 
middle  place  has  weight  1  and  the  rest,  weight  0. 
The  new  vector  of  displacements  and  its  cofactor 
matrix  are  calculated  from  equation  (13). 

For  a  two-dimensional  netvrark,  a  method  of 
iterative  weighted  similarity  transformation  has 
been  elaborated  [Chen  1983;  Secord  1985).  In  this 
method,  the  weight  matrix  in  equation  (13)  is 

taken  as  identity  at  the  outset,  then  in  the  (k-t-1)*^ 
ttansformation  the  weight  matrix  is  defined  as 

w{*’”-diog{l/|5!*’(i)l  ).  (16) 

where  d,  (i)  is  the  Fi*  component  of  the  vector  d, 
after  the  iteration.  The  hentive  procedure  con- 
tiniies  until  the  absolute  differences  between  the 


By  comparing  the  di^lacement  of  each  point 
against  its  confidence  region  at  a  specified  signifi¬ 
cance  level  a,  one  can  identify  the  reference 
points  which  are  most  probably  unstable. 

Estimation  and  Statistical 
Testing  of  the  Displacements 
of  Unstable  Reference  Points 
and  Object  Points 


The  fuial  displacements  of  the  points  identi¬ 
fied  as  unstable  and  of  all  the  object  points  ate 
estimated  by  a  least  squares  fitting  of  a  deforma¬ 
tion  model  Be  to  the  displacements  d  obtained 
from  equation  (10)  as 

d+r-Bc  (18) 

where  r  is  the  vector  of  residuals  after  fitting,  c  is 
the  vector  of  the  fmal  displacements  to  be  estimat¬ 
ed  and  B  is  the  design  matrix.  Explicitly,  the 
deformation  model  for  each  unstable  point  and 
object  point  /’j  in  a  two  dimensional  network  is 
written  as: 


d,  +  V.  = 


a 

bii 


-  c. 


and  for  each  stable  point /’y  as: 

d>+ v>r'  ® 


(19a) 


(19b) 


Thus,  the  matrix  B  in  equation  (18)  has  unit  ele¬ 
ments  corresponding  to  the  unstable  points  and 
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object  points,  and  zeros  elsewhere.  Solution  of 
equation  (18)  gives 


c  =  (B^PrfB)‘B>^  (20a) 

and  its  cofactor  matrix 

Q?  =  (B>wB)‘  (20b) 

The  weight  matrix  can  be  calculated  [Chen, 
1983]  either  as 

Prf  =  A',(A,+A2)-A2  (21) 

or 

^‘rf=<SQdS)MSGrfS+H(H^ «)'//’■ 1 1  H)^hT 

(22) 

In  equation  (21)  Ai  (i=l,2)  is  the  coefficient 
matrix  of  the  normal  equations  (see  equation  (3)). 
A  generalized  inverse,  (Ni+N-^',  can  be  comput¬ 
ed  as  (Afi+Af2+AfW2’)-l^  where  the  column  vectors 
of  H  conespond  to  the  commom  datum  defects  in 
the  two  campaigns.  If  two  campaigns  have  the 
same  survey  scheme  and  measurement  accuracy. 

Le..  N\sS2  =  N,  then 

Pj=Nfl.  (21*) 

In  equation  (22)  matrix  S  is  as  expressed  in  equa¬ 
tion  (8)  with  W  si  and  the  column  vectors  of  H 
correspond  to  the  union  of  datum  defects  in  the 
two  campaigns.  The  reason  for  computing  the 
weight  matrix  in  such  a  way  is  so  that  the  estimat¬ 
ed  parameters  c  will  be  independent  of  the  datum 
used  in  the  adjustments.  If  the  datum  defects  are 
removed  by  the  introduction  of  some  pseudo¬ 
observations  with  small  variances,  then  the  weight 
matrix  could  be  calculated  from 

Pd^Qd'^  (22') 

However,  in  this  case,  not  only  will  numerical 
problems  likely  occur  due  to  ill-conditioning  of 
Qj  but  also  will  complications  arise  in  modelling 

of  deformations.  Some  additional  parameters  have 
to  be  introduced,  as  is  explained  in  the  second 
example  below.  More  details  are  given  in 
IChrzanowski  et  al.  1983]. 

The  significance  of  the  estimated  displace¬ 
ment  Cj  for  an  unstable  point  Pj  is  indicated  by 

c.^Qc/ci  /  (wic,  (o^,]  >  f(  a ;  me,,  tifp)  (23) 

where  nici  is  the  dimension  of  Cj.  Qi^  is  the  sub- 
matrix  of  and  ^  and  41^  are  the  pooled  vari¬ 
ance  (actor  and  its  d^iees  of  beedom.  respective¬ 
ly.  To  test  the  null  hypothesis  that  no  other  unsu- 
ble  point  exists,  a  quadntic  function  Al?  of  the 
estimated  residuals  ?  is  raiputatfd  as 


A/?=^Pd?  (^) 

which  follows  a  chi-squared  distribution  with 
degrees  of  freedom  as 

4r^  =  rank(P^)-mc  (25) 

where  m^  is  the  dimension  of  unknown  vector  e 
and  the  rank  defect  of  Pj  is  equal  to  the  number 

in  the  union  of  danim  defects  in  both  campaigns. 
If  the  inequali^ 

iJtndf,^)<F(a-,dfc,dfp)  26) 

holds,  the  null  hypothesis  is  acceptable  at  the  (1- 
a)%  confidence  level.  Otherwise  a  search  for 
other  unstable  reference  points  should  be  made. 
The  latter  case  seldom  occurs.  When  the  a  pri¬ 
ori  variance  factor  0^2  is  known,  ^  and  4/p  >n 

the  tests  (23)  and  (26)  are  replaced  by  0^2  and 
®o.  respectively. 

The  analysis  procedures  discussed  above 
are  summarized  in  Figure  2. 
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Examples 

Analysis  of  a  Vertical  Reference 
Network 

Figure  3  is  a  leveling  reference  network  with 
two  survey  campaigns.  The  observations  arc  listed 
in  Table  1. 


Since  the  a  priori  variance  betor  is  not  available, 
the  a  posteriori  variance  factors  for  both  cam¬ 
paigns  are  estimated  horn  the  residuals  as 

^  =  (I  P.viS  /  =  0.269  /3  =  0.0897 


^  =  (I  P.vi)  /  =  0.109  /3  =  0.0363 

The  null  hypothesis  H,,'.  ooj  =  002  is  tested  usuig 
expression  (12): 

l/F(6.025;3.3)<^/cte=12.47<F(0.025;33)=15.4 

Therefore,  the  pooled  variance  factor  is  calculated 
from  equation  (1 1)  as 

3^  =  0.0630 

with  degrees  of  freedom  dfps  6. 

The  vector  of  displacements  [mm]  and  its 
cofactor  matrix  read 

d  s  X}  -  XI  s  (0.00  1.94  2.06  1.74)’’ 


Figurt  3:  A  leveling  network 


Table  1:  Tbe  observaiioas  of  the  leveling  network. 


leveling  line 

observed  height  difference  [mm] 
campaign  1  campaign  2 

weight  p,- 

1 

45.2 

46.9 

1 

2 

265.8 

265.6 

2 

3 

310.3 

312.2 

1 

4 

-26.2 

-24.1 

2 

5 

70.8 

70.7 

2 

6 

3363 

336.1 

2 

Sup  /.  Adjustmeia  of  the  kntutg  network  and 
eompuiadon  of  the  disploeemema 

Point  A  is  fued  with  an  elevation  of  O.SOOOO 
m  in  the  adjustment  of  the  observations  for  each 
campaign.  The  adjusted  heights  [m]  of  points  A, 
B,  C.  and  D  for  both  campaigns  are 

xl «  (030000  034479  0.47392  0.81046) 


0  0  0  0 

_  .  0  0.74  0.40  0.45 

Qd* 

0  0.40  0.60  0.40 

.  0  0.45  0.40  0.74. 

Sup  2.  Idendficadon  of  unstable  points 

Using  the  method  discussed  above,  the  dis¬ 
placements  are  arranged  in  the  sequertce  of  their 
increasing  algebraic  values  as  (0.00  1.74  1.94 
2.06).  Thus  points  D  and  B  are  assigned  unit 
weight  and  points  A  and  C  zero  weight  (tian^- 
tkm  parameter  t;  in  equation  (IS)  is  the  mean  of 
the  two  middle  displacements,  i.e.,  tj  -  1.84). 
After  the  weighted  similarity  transformation,  the 
new  vector  of  di^lacements  [mm]  and  its  cofactor 
matrix  are 

d’^*  (-1.84  0.10  0J12 -0.10) 
and 

0.60  0.00  0.20  0.00* 

0.00  0.15  0.00  -0.15 
0.20  0.00  0.40  0.00 
.  0.00  -0.15  0.00  0.15 . 


xi  «  (030000  034673  0.47S98  0.81220) 


The  displacement  of  each  point  is  tested  at  a  sig¬ 
nificance  level  of  as  0.05.  Le., 


and 


C  I  S  M 


JOURNAL 


A  C  S  C  C 


l.84)^(0.60K0.0630)l*89.6>F(0.05;  1 .6)*6.0 
10.6<F(0.0S;  1 .6)=6.0 

4^(0^^  1 .92<F(0.0S:  1 .6)=:6.0 

It  is  clear  that  only  point  A  can  be  strongly  sus¬ 
pected  as  being  unstable. 

Steps.  Estimation  of  the  displacement  of  the 
unstable  point. 

Using  equation  (18)  with  =  (0.00  1.91 
2.06  1.74).  -  (1  0  0  0)  and 


Pa=Ni(Ni-KN2)'N2*N/2  = 


I  2  -0.5  -1 

-0.5  2.5  -1 

-1  -1  3 

1  -0.5  -1  -1 


-0.5  ' 
-1 
-1 

2.5  / 


the  estimated  displacement  of  point  A  is 

c» -1.95  mm 
and  its  cofactor 

q-  =  (B>Jl)'‘  =  0.5 

The  dcqtlacement  is  significant  due  to  the  fact  that 

c*/(«^9c) «  126.1  >  F(0.05;  1.6) »  6.0 
The  test  on  the  deformation  model  is  performed 
using  the  quadratic  function  (24)  with  the  residu¬ 
als  equal  to 


V  =  (-1.95  -1.94  -2.06  -1.74) 


and 


A/?  =  =  0.189 


The  test 


A/J  /  (2d^  =  1.5  <  F(0.05;  2,6)  =  5.1 
indicates  that  the  deformation  model  is  accepuUe, 
i.e.,  the  remaining  points  can  be  considered  as  sta¬ 
ble  at  95%  confidence  level. 

One  can  also  use  the  vector  of  displacements  d 
after  the  weighted  similarlity  transformation  to 

estimate  c  and  calculate  the  test  statistic  AR.  The 
results  will  be  identical.  This  indicates  that  what¬ 
ever  minimal  constraint  solution  is  used  in  the 
estimation  and  test  processes,  it  will  not  affect  the 
fatal  results. 


Analysis  of  the  Reference  Network 
for  Monitoring  a  Gravity  Dam 
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Figure  4:  The  noaitoring  network  of  a  gravity  dam 

dam  crest  (Figure  4)  was  observed  in  two  survey 
campaigns  with  47  directions  in  the  Hrst  cam¬ 
paign  and  53  directions  in  the  second.  Least 
squares  estimations  of  the  coordinates  X] , 
were  made  under  explicit  minimal  constraints 
involving  points  £  and  F  (considered  “fixed” 
and  errorless).  No  observation  in  either  cam¬ 
paign  was  detected  as  being  an  outlier  at  030.05 
using  T-max  test  [Pope  1976;  Vanicek  and 
Krakiwsky  1982].  The  pooled  variance  factor. 

0(^s  0.95.  had  dfpSsSl  degrees  of  freedom. 
The  vector  of  displacements  d  and  the  cofacua 
matrix  Cd  were  obtained  using  equation  (10). 

Within  thedand  there  are  zero  elements  cor¬ 
responding  to  points  E  and  F. 

The  vector  of  displacements  d^  and  its 
cofactor  matrix  for  the  reference  points  A, 
B.  C.  D.  E.  and  F  were  extracted  from  d  and  Q^. 

The  iterative  weighted  transformation  resulted  in 
the  displacement  pattern,  coupled  with  the  95% 
confidence  ellipses,  for  the  reference  points  as 
shown  in  Figure  5.  Obviously,  reference  point  D 
has  moved  significamly  while  the  others  remain 
suble. 

Having  Uj  and  6,-  as  unknown  parameters 
corresponding  to  the  x-  and  y-components  of  the 
displacemem  for  each  object  point  and  also  for 
point  D,  the  deformation  model  consisted  of  22 
parameters  (ix..  11  pairs  of  displacement  com¬ 
ponents).  The  weight  matrix  P4  was  calculated 
using  equation  (22)  and  the  22  unknown  param¬ 
eters  were  estimated  using  equation  (20).  A  plot 
of  these  estimated  displacements  and  their  asso- 
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A  pure  triangulation  network  of  6  reference 
points  a^  10  uniquely  intersected  points  on  a 
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Figure  5:  OisplaccmeDts  after  the  Iterative  weighted  traasfonnatioo 

ciated  9S%  confidence  ellipses  is  given  in  Figure 
6.  With  6  degrees  of  freedom  in  the  modeling,  the 
test  on  the  adequacy  of  the  model  was  not  rejected 
at  asO.OS  since: 


AX  Kdfc^) 


U6<F(0.05;  6.31)  =  i41 


where  AX  is  the  quadratic  form  of  the  residuals  7 
after  fitdng,  calculated  from  equation  (24).  Thus, 
the  deformation  model,  in  which  the  reference 
points  A.  B,  C.  E.  and  F  are  accqxed  as  st^.  is 
appropriate. 

One  could  peifoim  the  above  analysis  using  a 
subvector  d]  of  d  and  submairix  of  which 
do  not  include  zero  elements  cone^xinding  to  the 
"fixed’'  points  E  and  F.  In  this  case,  the  weight 
matrix  of  dj  would  be  calculated  directly  as  = 

rather  than  using  equation  (22).  Since  points 
E  and  F  have  been  identified  as  stable,  the  defor¬ 
mation  model  would  be  formulated  in  the  same 
way  as  the  above,  ije.,  using  equations  (19a)  and 
(19b)  except  that  points  E  and  F  would  not  be 
involved  in  modeling.  The  same  estimation  and 


Figure  4:  Final  dkplaccmcati  of  the  aaatablc  reference  point  and  the  object 


testing  procedures  would  be  used.  However,  if 
either  or  both  of  points  E  wd  F  would  have  been 
identified  as  unstable,  additional  parameters 
which  are  a  function  of  the  displacements  of 
points  E  and  F  would  have  to  be  included  in 
deformation  modeling.  If  both  points  would  have 
been  identified  as  unstable  reference  points.  L^ic 
calculated  displacements  of  other  points  would 
have  been  distorted  by  translation,  rotation  and 
scale  change.  To  account  fm  these  effects  equa¬ 
tions  (19a)  and  (19b)  would  have  to  be  changed  to 


di  +  Vi  = 


d,+ v>  = 


Oi  +  JL<x,-xf)  k2<yryF)  +  of 
.  bi  -  kiixi-XF')  +  kiiyi-yF)  +  hf 


k\(xfXF)  +  kjfyj-yF)  +  of 
k^Xj-xp)  +  k\{yjryF)  +  hf 


respectively,  where  ili  and  k2  are  the  unknown 
scale  change  and  rotation  parameters.  The  fuial 
displacement  components  of  point  E  can  be  then 
calculated  from 

<«»*i(xr-XF)+ka(XE-Xf)+aF,  hewki(yr-yF>fc(xc-XF)+hF 

If  only  one  of  them,  say  point  E.  would  have  been 
idendlied  as  unstable,  ap  and  bp  would  distqtpear 
in  the  above  farmulatkm.  To  avmd  these  problems 
die  methodology  suggested  in  this  paper  should  be 
followed. 
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COMBINATION  OF  GEOMETRICAL  ANALYSIS  WITH  PHYSICAL  INTERPRETATION 
FOR  THE  ENHANCEMENT  OF  DEFORMATION  MODELLING 

LA  COMBINAISON  DE  L’ANALYSE  GEOMETRIQUE  ET  DE  L’lNTERPR^TATION 
PHYSIQUE  POUR  LE  REHAUSSEMENT  DU  MODELAGE  DE  DEFORMATION 

KOMBINATION  VON  GEOMETRISCHER  ANALYSE  UND  PHYSIKALISCHER 
INTERPRETATION  ZUR  VERBESSERUNG  VON  DEFORMATIONSMODELLEN 

A.  Qirzanowski,  Y.Q.  Chen,  A.  Szostak-Chrzanowsid,  and  JM.  Secord  -  Canada 


SUMMARY 

The  geometrical  analysis  and  physical  inteipretation  of  defonnadons  serve  different  purposes, 
but  disdncdon  between  them  should  not  be  taken  as  absolute.  The  physical  inteipietaion  through 
the  stadsdcal  or  detenninisdc  modelling  may  help  in  selecting  a  proper  deformadon  model  in  the 
geometrical  analysis,  and  the  outcome  dom  the  gemnetiical  ai^ysis  may  reveal  causes  of  the 
^foimadon,  thus  enhancing  the  further  interpretaion.  A  proper  combination  of  them  may 
improve  our  knowledge  on  Ae  mechanism  of  the  deformation.  This  paper  presents  the  basic 
id^  and  a  conceptual  formulation  on  the  combination  of  geometric^  analysis  and  physical 
interpretation.  Two  practical  examples  are  given. 

RKUME 

L'analyse  gdomdtrique  et  rinteipititation  physique  des  deformations  se  prStent  aiix  buts 
distincts,  pourtant,  la  difference  entte  les  deux  ne  peut  Stie  considerde  comme  absolue. 
L’intcxpietation  physique  peut  uder,  en  utilisant  un  modhle  statistiqne  ou  deterministique,  ii 
choisir  un  module  de  deformation  approprie  pour  l'analyse  geometrique.  Le  resultat  de  ce 
dernier  peut  rdveier  les  causes  de  la  deformation,  et  done,  I'interpretation  suppl6mentaire  est 
ameiior^.  Une  combinaison  cotiecte  de  l'analyse  et  de  I'interp^tation  peut  ameUoter  noire 
connaissmee  du  mecanisme  de  la  deformatioiL  Ge  papier  presente  rid6e  de  base  ainsi  qu'une 
formulation  conceptuelle  de  la  combinaison  de  I'a^yse  geometrique  et  de  I'interpretation 
physique.  Deux  exemples  pratiques  sont  offerts. 

ZUSAMMENFASSUNG 

Die  geometrische  Analyse  und  die  physikalische  Interpretation  dienen  zwar  unterschiedlichen 
Zweckeri,  aber  diese  Unterscheidung  sollte  nicht  als  absolut  angesehen  werden.  Die 
physikalische  Interpretation  mit  statistischen  Oder  deterministischen  Modellen  kann  dazu 
beitragen,  ein  geeignetes  Deformationsmodell  fiir  die  geometrische  Analyse  auszuwahlen. 
Andererseits  kann  das  Ergebnis  der  geometrischen  Analyse  die  Ursachc  der  Deformation 
aufdecken  und  damit  eine  weitergehende  Interpretation  ermSglichen.  Eine  sinnvolle 
Kombination  von  geometrischer  Analyse  und  physikalischer  Interpretation  kann  den 
Kenntnisstand  beziiglich  der  Deformationsmechanik  verbessem.  In  diesem  Beitiag  werden  die 
grundsatzlichen  Ideen  und  die  konzeptuelle  Formulierung  dieser  Kombination  entwickelt  Zwei 
praktische  Beispiele  werden  vorgestellt 
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1.  INTRODUCTION 

Deformation  analysis  is  comprised  of  two  aspects  -  geometrical  analysis  and  physical 
interpretation.  Geometrical  analysis  gives  information  on  the  geometrical  status  of  a  deformable 
body  -  the  changes  in  its  position,  shape,  and  dimension.  Physical  interpretation  explaitts  the 
reasons  for  the  ^formation  and,  possibly,  establishes  the  load-deformation  relationship.  The 
outcome  of  the  geometrical  analysis  may  lead  to  a  qualitative  interpretation  of  the  deformation. 
For  example,  in  the  case  of  crustal  movement  studies,  survey  engineers  and  geodesists  perform 
geometiit^  analyses  and  indicate  the  deformation  status  of  the  area  of  interest  both  in  space  and 
in  time  domains.  From  this  geophysists  try  to  explain  the  deformadon  mechanista  If  the  causes 
of  the  deformadon  are  well  defined,  the  analysis  of  the  load-deformadon  reladonship  can  be 
performed  quandtadvely. 

There  are  two  basic  methods  of  interpretadon:  the  stadsdeal  method  and  the  determinisde 
method  [Chrzanowsld  et  aL  1982].  In  the  stadsdeal  method,  the  correladons  betwwn  observed 
deformadons  and  observed  loads,  or  causadvc  factors,  are  analysed  and  a  prediedon  model  is 
developed  by  performing  a  statistical  analysis  on  die  past  data.  In  the  determinisde  method, 
informadon  on  the  loads,  properties  of  the  matgial.  geometry  of  the  body,  and  physical  laws 
governing  the  strain-stress  reladonship  are  utilized.  In  contrast  to  the  statistical  method,  the 
detemunistic  method  does  not  require  observation  o(  the  defonnadons  and  loads. 

For  several  decades,  there  has  been  an  obvious  sqiaradon  between  the  geometrical  analysis  and 
physical  interpretadon  and  between  die  two  meth^  of  interpretation.  The  geometrical  analysis 
is  usually  dorc  by  survey  scientists  and  engineers,  but  physical  interpretadon  is  done  by  odier 
specialists.  In  the  interpretation' of  some  engineering  structures,  e.g.,  dams,  survey  engineers 
establish  the  prediction  model  using  the  statistical  i^thod,  while  civil  engineers  calculate  the 
defoimatitHis  at  the  design  stage  using  the  deterministic  method.  Survey  engineers  and  other 
specialists  have  had  litde  communication  with  each  other,  thus  not  taking  advantage  of  a 
possible  uitegraied  analysis. 

In  recent  years,  more  and  more  attention  has  been  paid  to  an  interdisciplinary  approach  to 
formation  analysis  in  surve^g  community.  Several  pliers  discussing  the  imponiuioe  of  die 
iniegcaied  analysis  have  been  presented  [  e.g.,  Chizanowsld  et  aL  1983;  ^en  and  Chrzanowsld 
1986;  Teskey  198Q. 

In  this  paper,  the  authors,  after  briefly  reviewing  the  geometrical  analysis  and  the  methods  of 
physical  interpretation,  discuss  the  concept  of  die  combination  of  geometrical  analysis  and 
physical  interpretation.  Two  practical  exanqiles  are  given  which  illustrate  the  usefulness  of  the 
integrated  analysis. 

2.  GEOMETRICAL  ANALYSIS  AND  PHYSICAL  INTERPRETATION 
2.1.  Geometrical  Analysis  of  Deformation  Surveys 

The  deformation  of  an  object  is  well  defined  if  a  displacement  function  representing  the 
deformation  is  known  [Chrsuiowski  and  Chen  1986].  Assume  that  the  displacement  function  is 
written  as 

d(x,y,z;  t-to)  =  B(x.y,z;  t-to)c  (1) 

where  d  is  the  displacement  of  a  point  (x,y,z)  at  titrw  t  with  respect  to  a  reference  time  t©,  B  is 
the  deformation  matrix  whose  elements  are  some  selected  base  functions,  and  c  is  the  vector  of 
coefficients.  The  analysis  of  the  deformation  of  an  object  is  determining  the  function  (1). 
including  its  analytic  shape  (model)  and  the  coefficients,  from  the  observations.  Let  /,(t)  be  an 
observation  at  time  L  It  is  related  to  the  deformation  model  (1)  either  by 

1.  expressing  it  in  terms  of  the  coordinates  of  the  related  points,  and  then  transforming  the 

coordinate  differences  (displacements)  into  the  deformation  model;  or  by 

2.  expressing  it  directly  in  terms  of  the  deformation  model. 

The  first  case  is  symbolically  represented  in  linear  form  by 
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E{/i(t)l  =  UiXi  =  aiXo  +  ai(Xi-  xo)  (2) 

where  E{  }  is  the  expectation  operator,  the  row  vector  ai  contains  the  partial  derivatives  of  the 
observation  with  respect  to  the  coordinates  of  the  related  points,  X(  is  the  vector  of  the 
corrections  to  the  r^proximate  coordinates  of  the  surveyed  points  at  time  t,  and  (xt  -  xo)  is  the 
vector  of  the  displacements.  Subsdtudng  equadon  (1)  into  (2)  results  in 

E{/i(t)}  =  aiXo  +  aiB  ^  (3) 

where  B ,  is  the  matrix  constructed  when  superimposing  the  deformadon  model  Be  and  is 
evaluated  at  the  surveyed  points  and  at  time  t  The  second  case  is  expressed  as 

E{/i(t))=E(/,(to)}+aiB^  (4) 

The  use  of  equadon  (3)  or  (4)  depends  on  the  ty|M  of  observadon.  For  an  observadon  in  a 
geodedc  network,  expression  (3)  is  better  because  it  takes  full  advantage  of  the  observadons. 
For  individual  isolat^  geodedc  observadons  and  geotechrucal  measurements,  equadon  (4)  is 
en^>loyed.  Con^lete  con^paiison  of  the  above  two  formuladons  has  been  given  in  Chen  [1983]. 
The  funcdonal  teladonship  between  different  types  of  observables  and  the  deformadon  model 
have  been  doived  in  Chen  [1983],  Secord  [1981^,  and  Chizanowski  et  aL  [1986^.  Combining 
all  the  observadons  made  at  different  locadons  and  at  different  Hmr.  epochs  results  iru 

/  +  v  =  Ax  +  Gc  (5) 

where  /  is  the  vector  of  the  observadons,  vddeh,  in  general,  includes  geodedc  observadons  in  a 
network,  individual  isolated  observadons.  and  geotechrucal  measurements;  v  is  the  vector  of 
residuals;  z  is  the  vector  of  the  coordinates  of  the  surveyed  points  in  a  network  and  expected 
values  of  the  individual  observadons  and  geotechnical  measurements  at  reference  qxxdi  to.  and 
A  and  G  are  the  cotresponding  tnmsfonnarion  matrices.  By  applying  the  least  squares  oiterion. 
the  vector  of  unknown  coefficients  c,  its  cofactor  matrix  Qc>  wd  the  sum  of  the  weighted 

squares  of  the  residuals,  AR.  are  calculated.  The  stadsdcal  tests  on  c  and  AR  are  performed  to 
examine  the  significance  of  the  estimated  parameters  and  the  iqrptDpriateness  of  the  deformadon 
modeL  If  the  tests  are  unacceptable,  the  nxxiel  has  to  be  refined  and  the  esdmadon  processes  are 
repeated. 

A  method,  called  the  UNB  Generalized  Method  fin-  Deformadon  Analysis,  has  been  developed 
by  the  authors  [  Quzanowsld  et  aL  1983;  Chen  1983;  Secord  1985].  The  noethod  is  applicable 
to  any  type  of  geometrical  analysis,  both  in  space  and  in  dme,  including  the  detecdon  of 
unsrable  reference  points  and  the  detenninadon  of  strain  components  and  teladve  rigid  body 
rrxrdon  within  a  deformed  object  It  allows  udlizadon  of  different  types  of  survey  data  and 
geotechrucal  measurements.  In  pracdcal  applicadon,  the  approach  consists  of  three  basic 
processes:  idendficadon  of  deformadon  models;  esdmadon  of  deformadon  parameters; 
diagnostic  checking  of  the  models  and  final  selection  of  the  "best"  model  The  method  has  been 
implemented  through  a  software  suite  DEFNAN  developed  in  FORTRAN  77  on  an  IBM  3090 
mainfiame  and  on  an  IBM  PC  AT.  Mote  details  are  presented  in  Chrzanowsld  et  al.  [1986]. 

2.2.  Physical  Interpretation  of  Deformations 

2JL1.  Interpretation  by  the  stadsdcal  method 

Let  y(t)  be  an  observed  deformation  response  (e.g.,  displacement)  at  time  t  with  respect  to  a 
reference  time  to,  and  xjff),  i=l,2,...,  m,  be  the  observed  value  of  the  i**  causative  factor. 
Assume  that  the  deformable  body  can  be  considered  as  a  linear  system,  i.e.,  additivity  and 
homogeneity  can  be  applied  (sec  Bonaldi  et  al.  1977;  Fanclli  1979].  Then,  the  response  is 
expressed  as: 
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y(0  =  f^i(xi(0)  +  fzCxaCO)  +  —  +  fm(xm(0) 

where  fi{..)  is  the  function  of  a  causative  factor.  Different  causative  factors  may  produce 
deformations  in  different  manners.  Some  effects  can  be  modelled  by  poljmomial  functions,  but 
others  may  be  more  adequately  expressed  as  trigonometric  functions,  and  so  forth.  Take  as  an 
example  the  modelling  of  the  response  of  a  concrete  dana.  The  horizontal  upstream-downstream 
displacement  d(t)  of  a  point  can  be  expressed  as  [Chen  and  Chrzanowld  1986] 

d(t)  =  di(t)  +  d2{t)+d3(t)  C7) 

where  di,  d2,  and  da  are  the  hydrostatic  pressure  component,  the  thermal  component  and  the 
irreversible  componrat  due  to  non-elastic  phenomena,  respectively.  Component  di  may  be 
fDOdelled  as  a  polynomial  function  of  the  water  level  b(t)  in  the  reservor 

di(t)  =  ao  +  aih(t)  +  a2h2<t)  +  —  +  a^ih'^Kt) 

Component  d2  may  be  in  two  ways.  If  some  key  temperatures  Tj  (j  —  1, 2, k2)  in 

the  dam  are  measured,  then 

d2(t)  =  biT,(t)  +  b2T2(t)  + .~  +  bk2Tk2(t)  (9a) 

If  no  temperature  measurement  is  available,  it  can  be  exixessed  as  a  cyclic  function  of  dme: 

d2(t)  =  ciisin(a)t)  +  ci2Cos(ciM)  +  C2isin(2c(>t)  +  C22«>s(2o)t)  + (9b) 

where  (0  2i^yr.  Component  d3  is  usually  iqipmdmaied  by  a  time  function,  for  instance,  as 

d3(t)  =  eit  +  02f  ln(t)  (0  <  r  <1)  (10) 

In  the  above,  all  the  coefficients  have  to  be  estimated  from  the  observed  di^lacements.  In 
general,  equation  (6)  is  eiqpiessedas 

y(t)  +  v(t)  =  be ,  Vt  (11) 

where  b  is  a  row  vector  whose  elements  are  some  selected  base  functions  of  causative 
quantities,  c  is  the  vector  of  unknown  ooefiticients,  and  v(t)  contains  die  rmidual  to  the  fitting. 
Following  the  same  procedures  as  in  the  geometrical  analysis,  the  coeffidents  c  are  estimated 
and  statistically  test^  The  final  model  suggests  the  response  behaviour  of  the  different 
causative  faaors  and  is  used  for  prediction  purposes. 

2.2.2.  Interpretation  by  the  deterministic  method 

Deformation  of  an  object  will  develop  if  an  external  force  is  applied  to  it  The  external  forces 
may  be  of  two  lands:  surface  force,  i.e.,  forces  distributed  over  the  surface  of  the  body,  and 
body  forces,  which  are  distributed  over  die  volunre  of  the  body,  such  as  gravitational  forces  and 
thennal  stress.  The  relation  between  the  acting  forces  and  displacement  is  discussed  in  many 
textbooks  on  mechanics  [e.g.,  Sokolnikoff  1956].  Let  d  be  the  displacement  vector  at  a  point 
and  f  be  the  acting  force.  They  are  related  as 

LTDLd  +  f*0  (12) 

where  D  is  the  constitutive  matrix  of  the  material  whose  elements  are  functions  of  the  material 
properties  and  L  is  a  differential  operator  transfonmng  displacement  to  strain.  If  initial  strain  Cq 
and  initial  stress  Oq  exist,  equation  (12)  becomes 


LTDLd  +  (LT<So  -  LTDeo)  +  f  =  0  . 


(13) 
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In  principle,  when  the,  boundary  conditions,  either  in  the  form  of  displacements  or  in  the  form 
of  acting  forces,  are  given  and  the  body  forces  arc  prescribed,  the  differential  equation  (12)  or 
(13)  are  completely  solved.  However,  direct  solution  may  be  difficult,  and  numerical  riKthods 
have  to  be  us^  and  this  is  where  the  finite  element  method  (FEM)  provides  a  powerful  tooL 

The  basic  concept  of  the  FEM  is  that  the  continuum  of  the  body  is  replaced  by  an  assemblage  of 
small  elements  which  are  cotmected  together  only  at  the  nodal  points  of  the  elements.  Widiin 
each  element  a  (hsplacement  function  is  postulate  and  the  principle  of  minimum  potential  is 
applied,  Le.,  the  difference  between  the  work  done  by  acting  forces  and  the  deformation  energy 
is  minimiz^  Therefore,  the  differential  operator  L  is  approximated  by  an  linear  algelnaic 
operator,  say  L.  The  reladon  between  the  vector  of  the  forces  fe  and  vector  of  die  displacements 
de  for  the  nodal  points  of  an  element  becomes 

fe  =  [  j  L^DLd(voL)]  de  =  Kede  (14) 

where  Ke  is  called  the  stiffaessniatnx  of  the  element  Once  the  stiffness  matrices  for  all  the 
elements  have  been  calculated,  an  overall  structural  stiffness  matrix  K  is  composed  by  a 
superposition  of  the  stiffness  matrices  for  all  the  elements,  and  the  total  equilibrium  equation  ftK* 
die  whole  body  is  written  as: 


f  =  Kd  (15) 

where  f  is  a  vector  of  applied  nodal  forces  in  the  whole  body,  and  d  is  a  vector  of  nodal 
displacements.  If  boundary  oondidons  are  known,  the  displacen^t  at  any  nodal  point  can  be 

ralrnlafiiH 

A  FEM  cotiqiuter  program,  cr^edFEMMA,  has  been  developed  for  two  dimensional  and  diree 
dimensional  elastic  and  non-linear  elastic  analysis  [Szostak-Chrzanowski  1988].  The  program 
c^  utilize  the  following  input  data:  iiutial  stress,  iititial  strain,  body  forces,  forces  and 
^placement  boundary  conditions,  dastidty  parameters,  and  stren^  parametexs.  The  output 
includes  displacements,  strain  and  stress  in  e^  element,  principal  stresses,  and  a  list  of  tiie 
elements  whose  stresses  exceed  a  given  failure  criteria.  The  program  has  been  written  in 
FORTRAN  77  on  an  IBM  3090  mainframe,  IBM  PC  AT,  and  Apple  Macintosh  Plus  widi 
external  hard  drive. 

3.  ENHANCEMENT  OF  DEFORMATION  MODELLING  BY  AN  INTEGRATED 
ANALYSIS 

^though  geometrical  analysis  and  physical  interpretation  are  to  serve  different  purposes,  the 
distinctirm  between  them  should  not  be  taken  as  absolute.  As  mentioned  earlier,  tte  tot  step  in 
geometrical  walysis  is  to  identify  possible  deformation  mrxlels.  The  prediction  models 
establul^  using  either  the  statistics  method  or  the  deterministic  method  will  help  in  providing 
a  preluninary  deformation  pattern  for  the  geometrical  analysis.  The  discrepancies  between  the 
results  of  geometrical  analysis  and  the  predicted  vSues  or  rejection  of  the  predicted  model  may 
lead  to  the  discovery  of  an  anomaly,  resulting  in  the  further  refinement  of  modelling,  as  shown 
in  an  example  in  section  4  below. 

In  order  to  use  the  deterministic  method  the  causative  factors  should  be  well  defined.  However, 
this  may  not  Sways  be  the  case.  The  geometries  arudysis  provides  the  deformation  trend  wluch 
assists  in  finding  the  possible  causes  of  the  deformation  (quSitative  physical  interpretation). 
Having  identifi^  the  possible  causes,  the  deterministic  analysis  is  applied  to  cSculate  the 
deformation  detSl  and  confirm  the  suspected  cause,  as  shown  in  another  example  in  section  5 
below. 
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In  the  comparison  of  die  two  mcdiods  of  physical  interpretadon,  the  stadsdcal  method  possesses 
some  undeniable  merits.  But.  it  requires  a  coinpaiadvely  large  amount  of  data  on  both  causadve 
and  response  quanddes  in  order  to  obtain  a  reliable  model.  *rius  suggests  that  the  method  cannot 
be  used  in  the  inidal  period  of  operadon  of  a  structure  because  of  insufficient  data.  On  the  other 
hand,  the  deterministic  modelling,  which  is  more  versadle.  may  have  large  errors  due  to 
imperfect  knowledge  of  the  material  properties  and  incorrect  modelling  of  the  behaviour  of  the 
niatetial(elasdc  instead  of  plasdc  or  neglect  of  creep,  etc.).  Therefore,  a  combination  of  the 
determinisde  and  stadsdcal  methods  is  advocated  foe  an  opdinal  modelling  of  deformadons. 

Let  Xi(t)  (i  =  1, 2, ....  m)  be  the  i^'^  causadve  factor.  Then  its  effect  di(t).  the  displacement,  at  a 
nodal  point,  is  calcuhaed  using  the  FEM.  The  total  displacement  d(t)  is  the  summadon  of  all  the 
effects: 

<l(t)  =  di(t)  +  d2(t)  + ...  +  d„,(t)  (16) 

Since  there  are  several  uncertaindes  in  the  determinisde  modelling,  d(t)  may  significantly  de{»r 
from  the  real  value.  One  can  improve  the  model  by  introducing  some  addidonal  terms  tald^ 
cate  of  those  deformadons  which  can  not  be  calculated  by  the  determiiusdc  method  and  o 
calibrating  effects  for  each  causadve  factex’  or  for  some  of  them.  Thus,  equadon  (16)  can  be 
enhanced  as 

d’(t)  =  kidi(t)  +  k2d2(t)  + ...  +  k„,d„(t)  +  Me  (17) 

where  Iq  (i  =  1.  2. ....  m)  are  the  calibradon  constants;  M  is  a  matrix,  like  the  deformadon 
matrix  B  in  equadon  (1),  whose  elements  are  smne  select  base  funedons  and  are  functions  of 
position  and  time;  a^  e  is  the  vector  of  unknown  coefficients.  Again,  take  as  an  exaiqple 
phyacal  iruerpretadon  of  the  defortnadon  of  a  cormrete  Ham  The  well  defined  causadve  factocs 
ate  hydrostatic  pressure  and  thermal  expanaon  of  the  concrete.  Their  effects  can  be  detenmned 
FEM.  Ihe  horizontal  upstreairHlownstteam  tfisplaoenaem  of  a  point  d(t)  is 

<i(t)  =  dp(t)  +  dr(t)  (18) 

where  dp(t)  is  the  hydrostatic  conqranent  and  dKt)  the  thermal  component  Since  the  thermal 
component  is  proportional  to  the  thermal  crqransion  coefficient  a.  and  die  hydrostatic  pressure 
cooqmnent  is  inversely  proportional  to  Young's  modulus  E  of  concrete.  The  calibration 

constants  are  (o/oco)  and  (Eq/E),  respectively,  wtere  oq  and  Eo  are  the  corresponding  values 
used  in  the  FEM  computation.  The  possible  irreversible  deformadon  cannot  be  calculi^  with 

the  determinisde  method  and  addidonal  terms,  e.g.,  6it  -i-  62 1'  ln(t)  (see  equation  (9)).  could 
be  introduced.  Thus  the  refined  model  becomes 

d*(t)  =  (<x/oo)dp(t)  +  (Eo/E)dr(t)  +  (eit  +  e2inn(t)].  0<r<l  (19) 

Let  /  be  the  veaor  of  the  deformation  measurements  as  defined  in  section  2.  Equadon  (S) 
(repeated  as  equadon  (20b))  expresses  the  relation  between  the  observations  and  the 
defomudon  model  for  the  geometrical  analysis.  The  displacements  calculated  using  the 
determinisde  method  could  also  contribute  to  Ae  determination  of  the  geometrical  status  of  a 
body.  Let  the  calculated  displacements  for  all  the  nodal  points  and  all  the  time  epochs,  denoted 
by  d.  be  treated  as  "observations”.  Then  they  are  related  to  the  deformation  model  as: 

d  +  5  =  GdC  ■»-  k'l  di  +  k'2  d2  +  —  +  k’oj  dm  -  Me  (20a) 

/  +  v  =  Ay  +  Gc  (20b) 

where  di  is  the  component  of  d  produced  by  the  i^  causative  faaor.  5  is  the  vector  of  residuals, 
k'i  s  (1 .  iq),  I  s  1,  X ....  m,  Gd  is  the  matrix  transforming  the  deformation  parameters  c  to  the 
displacement  vector  d.  and  M  is  constructed  by  superimposing  matrix  M  in  equation  (17) 
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evaluated  at  all  the  nodal  points  and  at  all  the  time  epochs.  If  the  accuracies  of  /  and  d  Jirc 
compatible,  one  can  solve  simultaneously  for  c,  kjfi  =  1,  2,  ....  m),  and  c,  and  perform 
staiistical  tests.  In  this  way  the  geometrical  analysis,  the  physical  interpretation  of  the 
deterministic  method,  and  that  of  the  statistical  method  arc  combing  into  one  model.  In 
practice,  the  accuracies  of  the  displacements  calculated  from  the  deterministic  method  are  usually 
much  lower  than  those  from  direct  observation.  In  this  case,  equation  (20)  is  reduced  to 

(d  *  Gdc)  +  6  =  k*i  di  +  k’2  d2  +  —  +  dm  *  Me  (21) 

where  c  is  the  estunators  from  the  geometrical  analysis.  Equation  (21)  is  the  model  for  physical 
interpretation  by  combining  the  deterministic  method  with  the  statistical  method. 

In  order  to  better  understand  the  methods  of  deformation  analysis,  a  flowchart  summarizing  the 
different  analysis  methods  and  their  interaction  is  presented  in  Figure  1. 

4.  INTEGRATED  ANALYSIS  OF  GROUND  SUBSIDENCE  IN  A  MINING  AREA 

The  UNB  Generalized  Method  has  been  applied  in  an  intergrated  analysis  of  survey  data 
collected  in  rugged  mountainous  terrtun  of  western  Canada  near  Sparwood,  British  Cjolumbia, 
over  an  undergound  coal  mining  operation  [Fisekei  and  Chrzanowski  1981].  The  purpose  of  the 
surveys  was  to  monitor  ground  movements  caused  by  extraction  of  a  200  m  by  700  m  panel  of 
a  12  m  thick  and  steeply  inclined  coal  seam  (  Figure  2).  Three  types  of  observations  v/m  used 
in  the  integrated  analysis  of  the  ground  subsidence  above  the  p^iel:  change  in  coordinates  of 
15  points  determined  by  tetrestr^  geodetic  methods,  changes  in  the  coordinates  of  29  points 
ralruifltiyi  from  aetial  photogrammetric  surveys,  and  changes  in  ground  tilts  at  three  stations 
obtained  from  remotely  controlled  bi-axial  tiltmeters.  Several  possible  deformation  models  were 
fitted  to  the  observations  atxl  statistically  tested.  The  best  fined  model  of  this  rather  cooplicated 
case  of  the  ground  subsidence  is  shown  in  Hgure  3. 

Besides  the  described  deformations,  the  extraction  of  the  coal  panel  produced  surtace  cavings 
above  the  upper  edge  of  tiie  panel  near  the  outcrop  and  long  cracks  near  the  mountain  rid^, 
which  could  not  be  readily  explained.  The  suspected  fault,  shown  in  Figure  2,  which  was 
approximately  mapped  at  ^e  level  of  the  mining  workings  could  be  a  possible  explaruition. 
However,  the  geometry  of  the  fault,  its  ^p  ang^e,  and  depth  had  not  been  identified.  Therefore, 
a  comparison  of  die  tibove  geometrical  model  of  die  subsidence  with  the  detBiministic  model  for 
those  uncommon  topogrrqitucal  and  mining  conditions  has  been  of  great  interest  in  order  to 
confirm  the  existence  of  the  fault  which  could  be  very  essential  in  predicting  the  ground 
behaviour  in  the  case  of  a  further  expansion  of  the  coal  extraction. 

Due  to  very  limited  information  on  the  geology  and  tectonics  of  the  mining  area,  the 
deterministic  modelling  of  the  subsidence  was  difficult  An  iterative  non-linear  elastic  finite 
element  analysis  has  bwn  performed  using  the  program  FEMMA  and  a  method,  known  as  the 
S'C  Method,  of  ground  subsidence  prediction  developed  by  Szostak-Chrzanowski  [1988].  The 
modelling  h^  bwn  complicated  by  the  fact  that  besides  the  unknown  fault  parameters,  the  in 
situ  Young's  modulus,  E,  of  the  rock  was  also  not  known.  According  to  the  very  limited 
information  available  to  the  authors,  the  strata  above  the  extracted  panel  consisted  of  a  medium 
strong  sandstone  and  shale  formation  with  an  average  unit  weight  of  27N/m3.  Thus,  the 
deterministic  modelling  had  to  be  calibrated  first  for  the  average  Young's  modulus  without  the 
suspected  fault 

Two  iterative  analyses  have  been  made:  one  without  introducing  the  suspected  fault  into  the 
FEM  nxxlel;  and  the  second,  with  the  fault  zone  represented  by  a  string  of  elements  between  the 
developed  crack  on  the  suface  and  the  mapped  discontinuity  in  the  rock  masses  in  the 
underground  workings.  The  analyses  have  shown  that  the  best  agreement  between  the 
geometrical  and  deterministic  modelling  is  obtained  for  E  <=  2  GPa,  which  is  quite  reasonable  for 
weak  sandstone  and  shale.  The  FEM  results  with  the  fault  have  shown  incomparably  better 
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agreement  with  the  observed  values  than  wiilioui  tiic  fault.  Figure  4  gives  the  final  FEM  model 
with  the  fault  and  the  comparison  of  the  observed  and  calculated  displacements. 

Combination  of  the  geometrical  and  deterministic  analyses  in  this  example  has  revealed  the 
existence  of  the  discontinuity  in  the  area.  In  the  refined  geometrical  analysis,  the  parameters  of 
rigid  block  movement  would  be  included  in  the  deformation  model.  In  ad^tion,  the  deformation 
survey  scheme  would  need  to  be  expanded  beyond  the  ridge  of  the  mountain  in  order  to  better 
nnonitor  the  deformation  of  the  area. 

5.  INTEGRATED  ANALYSIS  OF  THE  DEFORMATIONS  AT  A  HYDRO-ELECTRIC 
POWER  GENERATING  STATION 

In  1988,  the  UNB  Generalized  Method  was  applied  in  an  integrated  analysis  of  the 
defamations  of  the  structures  at  a  hydro-electric  power  generating  station  in  eastern  Canada. 
The  generating  stadon  under  invesdgadon  is  coii^irised  of  a  rock^  dam,  sluiceway,  a  42  m 
high  concrete  gravity  dam(intake)  connected  to  the  powerhouse  structure  by  six  penstocks.  In 
the  mid-1970s,  opening  of  veidcal  construedon  joints  was  noticed  immediately  downstream 
fiom  the  turbine/generator  block  in  the  powerhouse  (Figure  5).  The  joint  is  cunendy  open  about 
30  mm.  aiKi  shows  a  steady  rate  of  expansion  of  about  3min/year  at  the  upper  generator  floor, 
decreasing  to  about  Imm/year  12  m  below.  At  the  same  time,  leakage  through  horizontal 
construedon  joinu  in  the  spillway  and  the  intake  has  become  evident  In  1985,  a  longitudinal 
expansion  of  the  intake  and  the  resulting  obstruction  to  the  movement  of  the  adjacent  spUlway 
gate  were  observed. 

Numerous  theories  were  put  forward  to  explain  the  abnoraoal  structural  deformations 
behaviour  of  the  concrete,  particularly  in  the  powerhouse  and  the  intake.  At  first,  the  theories 
included  regional  and  local  rock  movements,  transfer  of  water  load  throu^  die  penstocks  to  the 
powerhouse,  effects  of  alkali-aggregate  reactivity  in  coocreie,  leadual  stress  and  squeeze  and/or 
rebound  of  the  foundatioiL  Recendy,  alkali-aggregate  reaction  has  been  determined  to  be  the 
prime  cause  of  the  defonnations. 

To  better  understand  the  mechanism  and  causes  of  deformation,  an  extensive  nxinitoting 
scheme  was  ^veloped  which  includes  precision  geodetic  surveys  and  measurements  with 
geotechmeal  mstruments  such  as  multi-rod  borehole  extensometers,  invar  tape  extensometers, 
suspended  and  inverted  pendula,  and  various  joint  meters  and  tell-tal^  across  the  joint  openings 
and  structural  cracks.  The  frequency  of  Ae  repeated  measurements  varies  from  weekly 
observutxis  ^^dth  some  of  die  geotechnical  instrumentation  to  aimual  measurements  of  the  main 
geodetic  moititoring  network.  Figure  S  shows  the  location  of  typical  instrumentation  used  in  a 
cross  SMtion  of  the  powertiouse/intake  structure.  Since  1986,  the  University  of  New 
Brunswick  (UNB)  has  added  observations  with  the  satellite  Global  Positioning  System  (GPS) 
to  the  tiKXiitoting  scheme  to  monitor  regional  stalnlity. 

Trend  analysis  of  all  observations  has  been  performed  indicating  that  the  deformations  were 
linw^  in  time  with  fairly  constant  rates  after  having  compensated  for  seasonal  periodic 
variations,  '^etefore,  the  average  rates  of  observation  change  could  be  taken  for  the  spatial 
trend  analysis.  Hgure  6  pves  an  example  of  rates  of  deformations  (mm/year)  obtained  from  a 
sample  of  measurements  in  one  upstream-downstream  cross-section  of  the  powerhouse. 

The  absolute  displacements  of  geodetic  points,  when  compared  with  the  pendula,  tell-tale, 
joiiittneter  and  tape  and  borehole  extensometer  measurements  at  the  generator  and  turbine  floors, 
indicate  that  the  powerhouse  is  expanding  not  only  downstream  but  also  toward  the  intake.  The 
tape  extensometer  measurements  indicate  that  the  tailrace  pan  of  the  structure  expands  at  a  much 
larger  rate  than  the  upstream  pan  of  the  powerhouse.  Examination  of  the  borehole  and  tape 
exiensonwter  measurer^ts  at  lower  levels  also  indicates  expansion  of  the  foundation  concrete 
both  vertically  and  horizontally,  with  increased  rates  in  the  downstream  ponion  of  the  whole 
structure.  They  also  show  that  the  foundation  bedrock  is  perhaps  stable,  unless  it  moves  as  one 
solid  block.  The  levelling  and  bo^ole  extensometer  data  indicate  an  overal  uplift  and  tilt  of  the 
powerhouse.  The  plumbline  and  jointmeter  measurements  indicate  a  possible  relative  rotation  of 
the  blocks  separated  by  the  open  joint. 
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Figure  6:  Average  defomiation  and  displacement  rates  [mm/yr]  in  an  upstream 
downstream  cross  section  of  the  powerhouse 
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As  discussed  earlier,  ihc  goal  of  the  analysis  is  to  find  displacement  functions  which  fit  into  all 
the  observed  rates  of  deformation,  in  tlie  statistically  best  way.  Once  the  function  has  been 
determined,  all  basic  deformation  parameters  such  as  strain  components,  rotations,  and  ripd 
body  movements  can  be  calculated  at  any  desired  point  of  the  deformable  b^y.  The  reliability 
of  the  displacement  function  depends  on  the  number  of  redundant  observations  and  quality  of 
the  observations  which  are  included  in  the  deformation  modelling. 

When  analysing  the  powerhouse,  it  had  to  be  taken  into  account  that  the  structure  is  not 
homogeneous.  There  is  a  zone  of  the  massive  concrete  foundation,  a  number  of  galleries  and 
other  en^>ty  spaces,  turbines,  the  upper  practically  ^pty  shell  with  the  roof  structure,  and, 
finally  the  ^veloped  joint  openings.  Each  zone  may  be  expected  to  have  different  refuses  to 
the  forces  producing  the  deformadon.  The  foundadon  bedrock,  which  may  also  demonstrate  a 
deformadon,  nuist  be  also  considered  in  the  deformadon  modelling.  Being  restricted  to  only 
about  30  observables  in  each  cross-secdon  of  the  powerhouse,  the  division  into  various 
deformadon  zones  had  to  be  simplified  considerabiy  to  provide  a  reasonable  redundancy  for  the 
accuracy  evaluadon.  About  20  different  funedons  (^1  or  partial  polynoooials)  have  been 
attempted  in  fitting  the  obsetvadons  data  Hgure  7  gives  a  giaq)hical  di^lay  of  the  di^lacement 
field,  which  has  been  accepted  as  the  stadsdcally  best  deformadon  mo^l  in  a  cross-secdon  of 
the  powertiouse.  The  displaoetnent  field  and  the  strain  field  derived  from  it  uxlicatB  a  volumemc 
expansion  of  the  whole  structure.  The  volumetric  etqtansion  causes  opening  of  the  dilatadon 
gtqs  atMlcreadoa  of  cracks  at  the  contact  zones  between  die  etquuidinjg  and  sdble  toaterials.  One 
has  to  emphaaire  that  the  derived  displacement  field  gives  o^y  a  picture  of  idealized  average 
behaviour  of  the  strucure  which,  in  r^^,  is  very  non-homogeneous.  Many  more  observadons 
would  be  nMded  to  obtain  nxxe  detail  on  the  behaviour  of  various  zones  of  the  powerhouse. 
This,  however,  is  not  really  needed  for  understanding  the  general  mechanism  of  the 
deformadon.  Since  the  foundadon  bedrock  seems  to  be  stable,  as  revealed  by  the  borehole 
extensometer  measurements,  the  only  explanation  for  the  volumetric  expansion  is  an  acdon  of 
body  fosoes  such  as  swelling  of  the  concrete.  There  is  no  indicadon  of  any  downstream  rotadon 
of  the  downstream  portion  of  the  powerhouse  which  could  be  suggested  by  the  crack  opening 
being  larger  at  die  upper  levels.  It  could  be  produced  by  the  non-homogeneity  in  the  strengh  of 
die  mate^  at  different  levels,  mendoiwd  prenously. 

To  verify  the  findings  of  the  geometrical  analysis  tm  the  volumetric  growth  of  the  structure, 
firute  element  modelling  of  the  defotmadons  has  been  carried  out  using  FEMMA.  In  the 
analysis,  the  assumed  gtowdi  of  the  concrete  was  introduced  as  an  irutial  strain  rate,  with  the 
basic  rate  for  solid  concrete  blocks  in  ^  powerhouse  being  0.2  mm/m/year  (deduced  from  the 
geometrical  analyris).  Because  of  a  non-homogeneous  distribution  of  die  steel  reinforcement  in 
the  sttuctures,  a  non-uniform  eiqiansion  of  the  structure  could  be  expected  Therefme,  the  iiqiut 
strains  in  the  FEM  analysis  have  been  differendated  from  one  zone  to  another  by  reducing  the 
basic  rate  proptwtionally  to  the  percentage  content  of  the  reinfotcement  steel  in  concrete.  Hgure 
8  shows  the  FEM  mesh  for  the  powerhouse  and  gives  a  comparison  b^ween  the  displacement 
field  derived  from  the  FEM  and  from  the  geometrical  analysis.  An  excdlent  agreement  has  been 
achieved  Thus,  in  spite  of  the  complexity  involved  with  the  various  sources  a^  quality  of  data, 
the  various  locations  for  observation,  arid  behaviour  of  the  structure,  the  integrated  a^ysis  of 
the  deformadons  of  the  powerhouse  has  been  achieved  and  has  fiilly  confirmed  the  preliminary 
assumption  on  the  growth  of  concrete  being  the  main  source  of  the  ^formation. 

6.  CONCLUDING  REMARKS 

Deformation  analysis  is  an  interdisciplinary  subject  requiring  the  knowledge  of  different  fields 
and  a  close  cooperation  among  the  related  specialists.  The  Combination  of  geometrical  analysis 
and  physical  interpretaion  will  contribute  greatly  to  a  bener  understanding  of  the  deformation 
phenomena.  Research  activity  in  this  area  is  just  beginning  and  more  work  should  be  done.  This 
paper  provides  the  basic  concept  on  the  integrated  approach  to  the  deformation  analysis.  Two 
practical  examples  have  demonstrated  that  deformadon  modelling  has  been  enhanced  by 
combining  the  geometrical  and  deterministic  analyses. 
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Figure  8:  FEM  displacements  versus  the  geometrical  analysis  of  observation.^ 
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the  maia  geodetic  monitoring  network  (Hg.  -3).  Fig.  2 
shows  the  locatioa  of  typical  faistninimtarion  used  in  a 
cnass-sectioo  of  the  poweshouserintake  stiuctuK.  Several 
thousands  of  obsenratioos  have  been  collected  ever  the  last 
few  years.  A  drtsiled  deseriptioo  of  the  momtoting 
inftfumeatation  and  measuring  techniques  is  given  by 
Wroblewict  and  coonthofs*.  Since  I9d6.  the  UnivecBty  of 
New  Bnmswick  (UNB)  has  added  observarioos  with  the 
satellite  Ghibal  Poshm^ag  System  fOPS)  to  the  amnitoring 
schema  to  monitor  regional  stahiBty*. 


The  Mactaquac  generating  station  ffig.  1)  was  ooostiueted 
on  the  Saint  John  fiver  in  the  Provinoe  of  New  Btunswid:. 
eastern  Canada,  between  1964  and  1968.  It  comprises  a 
rockfill  dam,  a  sluiceway,  a  42  mdiigh  concrete  gravity  dam 
(intake  and  spillway),  and  a  powerhouse  with  six  generating 
units  connected  to  the  intake  structnre  by  six  penstocks.  In 
the  iaid*197(ks,  opening  of  vertical  construction  jmntt  was 
aotioed  immediately  downstream  from  the  turbine/ 
generator  blocks  in  the  powerhouse  (Fig.  7).  The  joint  is 
currently  open  about  30  mm,  and  shows  a  steady  rate  of 
expansion  of  about  3  mm/year  at  the  upper  generator 
fl(Mr.  decrearing  to  about  I  mm/year  12  m  bdow.  At  the 
same  time,  leakage  through  horizontal  construction  joints 
in  the  spillway  aad  intake  became  evident.  In  198S.  a  longj- 
tudinal  expansion  of  the  intake  and  resulting  obstruction  to 
the  movement  of  the  adjacent  spillway  gate  were  observed. 
More  details  on  the  noted  deformations  and  damage  are 
given  in  a  paper  by  Hayward  and  oo«ithofs'. 

Numerous  theories  were  put  forward  to  explain  the 
abnormal  sttuaural  deformations  and  behaviour  of  the 
concrete,  pankularty  in  the  powerhouse  and  the  intake.  At 
nrst.  the  theories  included  regional  or  local  rock  move¬ 
ments.  transfer  of  water  load  through  the  penstocks  to  the 
powerhouse,  effects  of  alkali-aggregate  reactivity  in 
concrete,  residual  stress  and  squeeze  and/or  rebound  of  the 
foundation.  New  Brunswick  Electric  Power  Commission 
commissioned  a  major  consulting  nrm.  as  well  as  a  Board 
of  Review  comprising  international  experts,  to  in 

analysis  of  the  problems  and  implementation  of  remedial 
measures.  Alkali-aggregate  reaction  was  determined  to  be 
the  prime  cause  of  the  deformations. 

To  understand  better  the  mechanism  and  causes  of 
deformation,  an  extensive  mouitoring  scheme  vras 
developed  which  included  predston  geodetic  surveys  and 
measurements  with  geotechnical  instruments  such  as  muhi- 
rod  borehole  extensometers.  invar  tape  cxiensometers, 
suspended  and  inverted  plumblines.  and  various  joint 


Generally,  in  all  deformation  studies,  any  type  of 
observation,  whether  geodetic  or  geotechnical,  ever,  if 
scattered  in  space  and  time,  adds  valuable  information  and 
helps  provide  a  better  understanding  of  the  deformation 
mechanism  and  subsequent  physical  interpreution.  Each 
type  of  observation  supplies  v^uable  data  on  particular 
deformation  parameters.  However,  in  isolation,  none  of 
the  individudal  types  of  measurement  gives  a  full  piaure  of 
the  behaviour  of  the  structure,  (he  foundation,  or  the 
surroundings.  A  geotechnical  irtstrument  supplies  only  very 
localized  information  on  only  one  component  of  deform¬ 
ation.  possibly  without  correlation  to  other  instrument 
locations.  In  addition,  (he  observational  accuracies  of 
geotechnical  instruments  do  not  necessarily  correspond  to 
(hose  claimed  by  the  manufacturers.  On  (he  other  hand, 
geodetic  surveys,  which  are  readily  evaluated,  supply 
overall  information  on  absolute  displacements  but  are 
comparatively  slow,  their  accuracy  is  not  always  sufficient, 
and  they  do  not  provide  continuous  information  on  the 
behaviour  of  the  monitored  structure. 

Therefore,  the  geodetic  and  geotechnical  methods 
complement  each  other  and.  to  take  full  advantage  of  all 
the  observations,  they  should  be  integrated  in  a  sim¬ 
ultaneous  analysis  of  the  deformation.  Until  a  few  'ears 
ago,  such  an  integrated  analysis  was  not  possible  because  of 
the  lack  of  a  proper  methodology.  Between  1981  and  1935. 
a  generalized  method  for  the  geometrical  analysis  of 
deformation  surveys  was  developed  at  UNB*"*’  which 
allows  for  the  integration  of  any  type  of  deformation 
observations,  even  if  scattered  in  space  and  time  and  ha\ing 
configuration  defects. 

During  the  summer  of  1987,  the  UNB  generalized 
method  was  applied  to  the  analysis  of  deformations  oi  the 
powerhouse  and  intake  structures  at  the  Maciaquac 
generating  station. 

Deformation  analysis 

As  accepted  by  the  UNB  generalized  method  oi 
deformation  analysis,  the  deformation  of  an  ob^eii  is  :uil> 


The  600  MW  Mactaquac  /enerariiif  uatiqet.  Shoeeinf  the  300 
m-Jent  intake  and  tpilltoay  antaure. 

described  in  threenlimensional  space  if  nine  dcfonnaiion 
paromeiers  (six  strain  components  and  three  diffeTcntial 
rotation  components)  can  be  determined  at  each  point  of 
the  object.  In  addition,  components  of  relative  ri^  body 
motion  between  blocks  should  also  be  determined  if  discon¬ 
tinuities  exist  in  the  body.  These  deformation  parameters 
can  be  calculated  from  well  known  stratn-displacemen: 
relationships  if  a  displacement  function  representing  the 
deformation  of  the  object  is  known.  Thus,  the  main  task  of 
deformation  analysis  is  to  obtain  a  displacement  function 
which  characterizes  the  deformation  in  space  and  time. 
Since,  in  practice,  deformation  surveys  involve  only 
discrete  points,  then  the  displacement  funaion  must  be 
appro.vimated  through  some  seleaed  model  which  fits 
observation  data  in  the  best  possible  way. 

The  displacement  function  can  be  written  in  matrix  form 
as; 

d(',  y.  r  ,  t)  =  B(.\.  y.  z.  ()c  ...  (I) 

wliofc  !l(\.  y.  z.  t)  IS  the  deformation  matrix  with  its 
eU'iiicnis  ticine  some  selected  base  functions,  and  c  is  the 
vector  of  unknown  coefricienis.  A  vector  AI  of  changes  in 
anv  ivpc  of  observations,  for  instance,  changes  in  lilts,  in 
i  disi.iiiccs  lu  III  coordinaics  derived  from  geodetic  surveys, 
can  be  expressed  in  terms  of  the  displacement  function  as: 

At  =  AB.^  ...  (2) 

where  A  IS  the  transformation  matrix  relating  the 
observations  to  the  displacements  of  points  at  which  the 
observations  are  madc\  and  is  constructed  from  the 
abo'C  matrix  y,  z.  Hand  related  to  the  points  included 
in  the  observables. 

If  rcduiidaiii  observations  arc  made,  the  elcinenis  of  ihe 
vecior  c  arc  deieriiiincd  through  a  least  squares  appros- 
imaiion  and  tlieir  siaiisiical  significancT  can  be  calculated. 
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One  tries  to  Hnd  the  simplest  possible  displacement 
function,  which  would  rn  to  the  observations  in  the 
siatislicaliy  best  way. 

The  search  for  the  best  deformation  model  (displacement 
function)  is  based  cither  on  prior  knowledge  of  the 
expected  deformations,  or  on  the  qualitative  analysis  of  the 
deformation  trend,  deduced  from  all  the  otMervations 
Uken  together.  The  latter  procedure  had  to  be  applied  in 
the  case  of  Mactaquac,  since  the  cause  of  deformatioiis  had 
not  been  dearly  idaitiried. 

The  deformation  analysis  is  carried  out  in  Ttve  steps: 

•  evaluation  of  observations; 

•  deformation  trend  analysis  and  selection  of  a  few 
possible  deformation  mod^  which  seem  to  match  the 
trend  and  which  nuke  physical  sense: 

•  least  squares  fitting  of  the  model  or  models  into  the 
observation  data  and  statistical  testing  of  the  models; 

•  selection  of  the  best  model  which  has  as  few  coefficients 
as  possible  with  as  high  a  significance  as  possible 
(preferably  all  the  coefficients  should  be  significant  at 
probabilities  greater  than  95  per  cent)  and  which  gives  as 
small  a  quadratic  form  of  the  residuals  as  posable; 

•  graphical  presenution  of  the  displacement  field  and  the 
derived  strain  field. 

The  above  steps  have  been  applied  to  the  analysis  of 
riefonnatiotts  of  the  powerhouse  and  inuke  struaures.  The 
present  observation  scheme  in  these  aruaures  b  con¬ 
centrated  in  a  few  cross-seaions.  Consequently,  the  trend 


analysis  and  the  subsequent  final  deformation  analysis  has 
been  limited  to  a  two-dimensional  analysis  of  only  the 
cross-sections. 

To  undertake  an  integrated  analysb.  the  spatial 
correlation  of  the  observations  was  maintained  by 
describing  the  locations  of  all  the  points  or  stations  of 
measurement  in  a  common  three-dimensional  Cartesian 
coordinate  system. 

Evaluation  of  observations 

General  remarks 

All  the  above-mentioned  types  of  observations  have  been 
evaluated  for  their  usefulness  in  the  deformation  analysb. 
The  task  was  not  easy,  because  the  results  of  measure¬ 
ments,  in  addition  to  the  inherent  observation  and 
instrument  calibration  errors,  were  comanunaied  by 
seasonal  (thermal)  cyclic  expansions  of  the  measured 
objects,  and  changeable  thermal  expansion  of  the  mech¬ 
anical  components  of  the  geotechnical  Instrumentaiion 
(particularly  the  tape  and  borehole  extensometert).  Since 
the  cyclical  tuture  of  the  temperature  induenoe  has  a  period 
of  about  one  year,  at  least  two  years  of  observations  are 
needed  to  uke  account  of  ihb  and  other  deformation 
trends.  Thus,  any  deformation  parameters  derived  from  the 
observations  taken  over  a  time  span  shoner  than  two  years 
must  be  treated  with  caution.  Since  most  of  the  instruments 
at  the  inuke/smllway  structures  had  only  been  installed 
recently,  the  integrated  analysb  conocmraicd  mainly  on  the 
powerhouse,  where  the  monitoring  scheme  had  been  estab¬ 
lished  in  the  period  I983-19S4. 

Geodetic  surveys 

A  trilateraiion  network  (Fig.  3)  of  16  reference  stations  and 
several  objea  points  on  the  downstream  ponion  of  the 
powerhouse  and  on  the  top  deck  of  the  intake  has  been 
measured  annually  since  1983.  uring  a  Kern  Mckometer 
ME3(X)0  preebion  elearonic  distance  meter.  In  addition, 
high  preebion  levelling  surveys  have  been  repeated  bi¬ 
monthly  inside  and  around  the  structures  conneaed  to  deep 
benchmarks  a  few  kilometres  away  from  the  generating 
station. 

To  determine  absolute  dbptaccmenis  of  the  objecr 
stations  from  various  combinations  of  pairs  of  survey 
campaigns,  the  observation  data  have  been  processed 
following  the  steps  of  the  UNB  .generalized  method  in 
which  the  identification  of  stable  reference  stations  and 
displacement  trend  of  object  points  is  obtained  through  an 
iterative  weighted  transformation. 

The  calculated  horizontal  displacements  indicated  a 
systematic  downstream  movement  of  the  tailracc  deck  of 
the  powerhouse  at  the  average  rate  of  3  nim/ycar.  This 
information  played  an  important  role  in  the  overall  trend 
analysis  of  the  deformations. 

The  levelling  surveys  were  used  mainly  in  the 
determination  of  tilts  (changes  in  the  height  differences) 
between  neighbouring  benchnurks  within  the  struaures 
rather  than  in  the  dnermination  of  the  absolute  vertical 
movements  of  the  struaures.  The  latter  proved  to  be 
unreliable  because  of  the  length  of  the  conncaing  surveys. 

Measurements  with  geotechnical 
instrumentation 

To  distinguish  baween  the  seasonal  (ihermal)  expansions 
of  (he  stnKiurcs  and  the  aaual  deformation  trend,  all  the 
geotechnical  measurements  have  been  analysed  through  a 
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least  squares  fit  of  (lie  cyclic  function; 

y  «  a,cos(w)  a.sin(w)  -f  a,i  4-84  ...  (3) 

10  the  obersvaiion  data,  where  «  >  2e/l  year,  and  a,  is  the 
rate  of  chance  of  (he  observation  (extension,  tilt, 
inclination,  and  so  on).  The  values  of  a,  and  (heir  standard 
deviations  have  been  (he  most  iitiponant  paramaers  in  the 
deformation  analysis.  In  most  cases,  panicularly  in 
borehole  exiensomaer  and  plumbline  obse^tions.  a  ««ry 
smooth  plot  of  the  observation  data  and  good  (uting  of  the 
cyclic  curve  has  been  obtained  with  standard  deviations 
smaller  than  0.2  mm/year.  An  example  b  shown  in  Fig.  4. 

Some  problems  were  encountered  with  the  invar  tape 
extensomaer  measuretimts.  Most  of  the  tape  measure¬ 
ments  in  the  powerhouse  began  in  1984.  giving  a  long 
enough  time  interval  to  perform  a  good  analysb  of  the 
thermal  effects.  However,  during  this  period,  the  tape  was 
broken  on  several  occasions,  and  the  tension  devi«  was 
either  repaired  or  exchanged.  Therefore,  the  results  lacked 
continuity  and  included  many  gaps  or  slips,  which  required 
a  lengthy  process  of  (Utering  die  available  dau  through 
least  squares  estimation  of  the  values  of  the  slips.  The  slips 
have  been  added  to  the  cyclic  fttoetion  (3)  ud  solved  as 
nuisanoe  iinkiioum  paiameters.  The  ttooenainty  (standard 
deviation)  of  the  corrected  changes  in  the  distances' has 
been  established  as  beiiig  about  0jQ2  tmJweJyeu. 

Trend  analysis  of  the 
deformations 

The  evaluation  of  ohservaiions  has  indicated  that  the 
deformations  were  linear  in  dme.  with  their  fates  fairly 
constant.  Therefore,  the  avenge  tates  of  dbservatiao 
change  could  be  taken  for  the  spatiai  trend  analyss.  Fig.  S 
pves  an  example  of  rates  of  defonnaiioos  (mm/year) 
obtained  from  a  sample  of  raeasuremcnts  in  one  cross- 
seakm  of  the  powerhouse. 

The  absolute  displacement  of  the  geodetic  pmnts.  when 
compared  whh  the  plumbiinc.  teU-iale,  joioimetcr  and  tape 
exiensometer  measuremems  at  the  generator  turbine  floors, 
indicates  that  the  powerhouse  is  expanding  not  only  down¬ 
stream  but  also  towards  the  inuke.  The  tape 
measurements  indicate  that  the  tailrace  part  of  thestruaure 
expands  at  a  much  larger  rate  than  the  upstream  part  of  the 
powerhouse.  Examination  of  the  borehole  and  tape 
extensometer  measurements  at  lower  levels  also  indicate 
expansion  of  the  foundation  concrete  both  vertically  and 
horizontally,  with  the  increased  rate  in  the  downstream 
portion  of  (he  whole  stru«:ire.  They  also  show  that  the 
foundation  bedrock  is  perh.  ps  suble.  unless  it  moves  as 
one  solid  Mock.  The  levelling  and  borehole  extensometer 
data  indicate  an  overall  uplift  and  tilt  of  the  powerhouse. 
The  plumblines  and  jointmeter  measurements  indicate  a 
possible  relative  roution  of  the  blocks  separated  by  the 
opened  joint. 

The  deformation  trend  of  the  intake  and  spillway 
structures  could  not  be  analysed  fully  because  roost  of  the 
instrumems  have  been  installed  only  reoently  and  the 
observation  dau  have  not  covered  at  least  a  whole  cyck  of 
thermal  expansion.  Therefore,  only  a  very  appra.%imate 
deformation  trend  analysb  for  the  intake  could  be 
performed,  whieh  indicates  that  there  teems  to  be  an  intcr- 
aaion  between  the  deformation  of  (he  inuke  and  the 
powerhotiK. 

Following  the  above  tummaiiaed  dedugioo  procedure 
and  locking  at  various  possible  forces  aging  on  the  power- 
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house  (not  exduding  possible  teaonic  forces  and  possible 
inieraaion  between  the  inuke  and  the  powerhouse),  the 
analysb  has  arrived  at  the  overall  geomgrical  deformation 
trend  as  shown  by  the  dashed  lines  in  Fig.  5.  Analysis  in 
other  cross-segions  has  confirmed  the  trend. 

Final  deformation 
modelling 

As  discussed  earlier,  the  goal  of  the  analysb  b  to  fuid 
displacemeu  funaions  which  (it  sutisticaUy  into  all  the 
observed  rates  of  deformation.  Once  the  function  has  been 
determined,  all  basic  deformation  paramgeis  such  as  strain 
componems.  rouiions.  and  rigid  body  movements  can  be 
calcutated  at  any  desired  point  of  the  deformable  body.  The 
reiiabiiity  of  the  displacement  funaion  depends  on  the 
number  of  redundant  observations  and  quality  of  the 
observations  which  arc  induded  in  the  deformation 

Rcgarttag  (he  powerhouse,  h  had  10  be  taken  imo 
account  that  the  ttruaure  b  not  homogeneous.  There  b  a 
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tone  of  the  masave  ooociete  foundation,  a  number -of 
taUerim  and  other  empty  spaces,  turbines,  the  upper 
prartically  empty  shell  with  the  roof  structure,  and.  finally 
the  developed  joint  openinss.  Each  zone  may  be  espeaed 
to  have  tfifferent  fcsponses  to  the  foroes  producias  the 
defonnation.  The  foundafion  bedrock,  udiicb  may  also 
demoQStrate  a  deformation,  must  be  also  oonsidefed  in  the 
deformatioa  inodellias. 

Beiac  testricted  to  only  about  30  observables  in  each 
cross-section  of  the  poweriiottse.  the  dmdon  into  various 
defonnation  zones  had  to  be  Amplified  considetably  to 
provide  a  reasonable  redundancy  for  the  accuracy 
evaluation. 

About  20  different  functkms  (full  or  partial  polytKimials) 
have  been  attempted  in  fitting  Ok  observation «»«««  Fig.  6 
gives  a  graphical  display  of  the  displacement  field,  which 
has  been  accepted  as  the  statistically  best  defonnation 
model  in  the  cross-section  of  the  powerhouse. 

The  displacement  fidd  and  the  strmn  field  derived  from 
It  indicate  a  volumetric  expansioo  of  the  whole  structure. 
The  volumetric  expansion  causes  opening  of  the  dOatation 
gaps  and  the  creation  of  cracks  at  the  oontaa  zones 
between  the  expanding  and  stable  materials.  One  has  to 
emphasize  that  the  derived  dispUcement  field  gives  only  a 
piaure  of  idealized  average  behaviour  of  the  structure 
which,  in  reality,  is  very  non-homogeneous.  Many  more 
observations  would  be  needed  to  obtain  more  detail  on  the 
behaviour  of  various  zones  of  the  powerhouse.  This, 
however,  b  not  really  needed  for  understanding  the  general 
mechanism  of  the  deformation.  Since  the  foui^ation 
bedrock  seems  to  be  suUe,  as  revealed  by  the  borehole 
extensometer  measurements,  the  only  explanation  for  the 
volumettic  expansion  b  an  action  of  body  foroes  such  as 
swelliag  of  the  concrete,  unless  the  flow  of  the  water 
through  the  turbines  and  outleu  and  the  «itb 

the  deforming  intake  structure  cause  a  compBcatcd 
fraouring.  rotation  and  uplifting  of  the  whole  powohouse. 
There  b  no  indientioo  of  any  downward  rotation  of  the 
dowBStroam  portion  of  the  powerhouse  which  could  be 
suggested  by  the  cradt  opening  being  larger  at  the  l^lper 
levels.  It  could  be  produced  by  the  aoo4iomogeaeity. 
mentioned  previously,  ia  the  strength  of  material  at 
different  levels. 

To  verify  the  findings  of  the  geometrical  analysb  on  the 


volumetric  growth  of  the  siruaurcs,  finue  clement 
modelling  of  the  deformations  has  been  carried  out  using 
FEMMA  software  developed  by  Szosuk-Chrzanowski*  at 
the  University  of  New  Brunswick.  In  the  analysb.  the 
assumed  growth  of  concrete  was  introduced  as  initial  «rain 
rates,  with  the  basic  rate  (deduced  from  the  geometrical 
analysb)  for  solid  concrete  blocks  in  the  powerhouse  being 
equaJ  to  0.2  mm/m/year.  Because  of  a  non-homogeneous 
dbtribution  of  the  steel  reinforoement  in  the  siiuaures.  a 
non-uniform  expansion  of  the  struaures  could  have  been 
expected.  Therefore,  the  input  strains  in  the  fem  analysb 
have  been  differentiated  from  one  zone  to  another  by 
reducing  the  basic  rate  proportionally  to  the  percentage 
content  of  the  reinforoement  steel  in  concrete.  An  excellent 
agreement  has  been  obtained  between  the  displaoement 
fields  derived  from  the  FEM  and  from  the  geometrical 
analyses. 

Conclusions 

In  spite  of  the  complexity  involved  with  the  various  sources 
and  quafity  of  data,  the  various  locations  for  observation, 
and  behaviour  of  the  struaure,  an  integrated  analysb  of  the 
deformations  of  the  powerhouse  has  been  achieved. 

The  integrated  analysb  has  been  potrible  by  ttsmg  the 
UNB  generalized  method,  which  provides  a  unique  tool  to 
describe  mathematically  the  displacemtm  field  from 
various  types  of  observables.  The  dbplacement  model 
allows  for  the  derivation  of  the  strain  field  which  b  essendal 
for  subsequent  phyacal  intetpretaiioo  of  the  defotmatioo. 
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Abstract 


Tte  geometrical  analysis  of  defonnatnn  sofvqrs  deals  with  the  detennination  of  the 
geometrical  status  of  a  defonnablebotfy  —  die  change  its  shape  and  dimensions.  Since 
the  defmnatioos  are  usuaUy  veiy  small  and  at  the  maigin  of  measuring  eirors,  vay  careful 
analysis  and  statistical  testing  oi  the  results  are  required.  The  deformation  of  a  body  is 
fully  described  in  three-dimensional  space  if  9  deformation  parameters  (6  strain 
components  and  3  differential  rotation  coaqionents)  can  be  determined  at  each  point 
These  deformation  parameters  can  be  calculated  from  the  weU-laiown  strain-disidacement 
reladonshqis  if  a  displacement  functica  representing  die  deformation  body  is  known. 

A  methodology  for  finding  the  "best"  fitting  displacement  function  has  been 
developed  by  the  authors,  and  is  known  as  the  UNB  Generalized  Method.  The 
Mediod  consists  of  three  basic  processes:  pBdimiMty  nf  Hrfnffnyttnm  wMvt^U 

thrwgh  a  trend  analysis,  estiination  of  the  deformation  parameters  through  a  least-squares 
fitting  of  selected  displacement  functioos  to  repeated  deformation  observations,  and  the 
fimd  selection  of  the  "best"  model  based  on  the  diagnostic  checking  of  the  model  and 
statistical  testing  of  individual  deformation  parameters.  The  Method  is  applicable  to  any 
type  of  geometrical  analysis,  both  in  space  and  in  time,  including  the  detection  of  an 
uiut^le  area  and  the  detomination  of  snrain  components  and  relative  rigid  body  motions 
within  a  deformed  objecL  It  allows  utilization  of  any  type  of  surveying  data  and 
geotechnical  measuremmits  with  configuration  defects  in  the  observation  scheme. 
Computer  program  DEFNAN  helps  to  ep^y  the  generalized  method  in  i»actice.  Exanqiles 
of  its  applications  are  presented. 


*Visiting  Professor  from  Wuhan  Technical  Univeruty  of  Surveying  and  Mapping,  P.R.  of 
China  (Hrmorary  Research  Associate  at  UNB). 


1.  Introduction 


Expanding  exploitation  of  mineral  resources  under  populated  areas,  rapid  progress 
in  the  development  of  large  and  sensitive  engineering  constructions,  and  growing  interest 
in  the  study  of  earth  crustal  movements  have  all  put  new  demands  on  the  accuracy,  survey 
methodology,  and  analysis  of  deformation  measurements. 

The  instruments  and  methods  of  conventional  geodetic  and  photogrammetric 
surveys,  though  sdll  useful  in  collecting  global  deformation  data,  cannot  satisfy  all  the 
requirements  of  contemporary  deformation  monitoring.  Typical  requirements  are 
accuracies  in  the  order  of  10'^  and  10*^,  continuous  monitoring  with  automatic  recording, 
and  telemetric  data  acquisition.  Special  instrumentation  for  the  detection  of  deformations, 
for  example,  precision  tiltmeters,  inverted  pendula,  strainmeters,  extensometers, 
mechanical  and  laser  alignment  equipment,  hydrostatic  levels  and  interferometers,  is  being 
used  in  structural,  geotechnical,  tectonic,  and  rock  mechanics  monitoring. 

In  order  to  provide  a  strong  basis  of  data  for  any  deformation  analysis,  the  surveyor 
must  employ  new  techndogies  and  must  be  ^le  to  integrate  all  types  measurements  into 
a  comprehensive  "network”  of  observables.  This  compels  the  surveyor  to  have  a  good 
understanding  of  the  purpose  and  the  methods  of  analysis  of  deformation  surveys. 

The  analysis  of  deformations  deals  usually  with  very  smaU  deformation  quantities 
which  are  at  the  margin  of  measuring  errors.  Therefore,  a  very  careful  accuracy  analysis 
and  statistical  testing  of  the  results  are  required  in  order  to  make  proper  decisions  on  the 
acceptance  of  the  deformation  models. 

Thus  the  survey  methods,  their  desigri  and  the  analysis  of  the  deformation  surveys 
become  very  complex.  Till  now,  surveyors  have  been  little,  or  not  at  all,  involved  in  the 
deformation  interpretation  which  usually  has  been  done  by  other  specialists.  Emphasis 
must  be  placed  on  the  danger  inherent  when  the  surveyor,  whose  realm  is  measurement 
processes  and  the  associated  errors  and  statistical  considerations,  is  not  able  to  direct  the 
interpretation  of  the  data.  Often  severe  misinterpretation  regarding  a  phenomena  can  occur 
if  due  regard  for  the  "quality"  of  the  data  is  not  given.  Certainly  no  specialist  should  be  the 
sole  analyst,  and  it  is  the  interaction  of  the  survey  engineer  with  the  data  user  that  should 
be  encouraged.  Thus  a  strong  interaction  between  the  survey  engineer  and  other  specialists 
who  are  in  charge  of  the  geotechnical,  instruction,  or  geophysical  project  is  necessary' 
during  the  entire  life  of  a  projecL 

In  the  past  few  years,  more  attention  has  been  paid  to  the  analysis  of  deformation 
surveys  than  ever  before.  In  1978,  Commission  6  of  the  Fdddration  Internationale  des 
Gdombtres  (FIG)  created  an  ad  hoc  committee  on  the  analysis  of  deformation 


measurements  under  the  chairmanship  of  Dr.  Chrzanowsld.  The  main  task  of  the 
committee  has  been  to  compare  different  j^)proaches  to  deformation  analysis  using  the 
same  measuring  data  with  an  ultimate  goal  to  prepare  a  proposal  for  guidelines  and 
specificadtms  for  all  aspects  of  deformation  analysis,  including  studies  in  the  following 
items: 

(1)  optimization  and  design  of  monitoring  networks  with  geodetic  and  non-geodetic 
observables; 

(2)  assessment  of  the  observation  data,  detection  of  outliers,  and  systematic  errors; 

(3)  geometrical  analysis  of  deformations; 

(4)  physical  interpretation  of  deformations,  e.g.,  establishment  of  load-deformation 
relationships. 

During  the  period  1978-1982,  membership  in  the  committee  was  limited  to  only  five 
research  centres  in  order  to  avoid  difficulties  and  delays  in  the  exchange  of  information  and 
organization  of  the  working  meetings.  The  five  groups,  called  by  the  names  of  their 
location  (with  the  names  of  the  original  chief  investigators  in  parentheses)  were:  Delft  (J. 
Kok),  Fredericton  (A.  Chrzanowsld),  Harmover  (W.  Niemeier  and  R  Pelzer),  Karlsruhe 
(B.  Heck  and  J.  Van  Mierlo),  and  Munich  (W.  Welsch).  After  the  third  FIG  symposium 
on  deformadon  surveys,  which  was  held  in  Budj^jest  in  1982, 14  more  groups  joined  the 
committee.  A  full  list  of  the  member  groups  was  given  in  Chrzanowsld  and  Secord 
[1983].  At  the  1986  XYIII  FIG  Congress  in  Toronto,  a  general  theory  of  deformation 
analysis  was  presented,  and  the  approaches  de^loped  by  the  groups  of  the  committee 
were  compared  in  the  general  theory  [Chrzanowsld  and  Chen,  1986]. 

In  these  notes,  the  authors  will  provide  a  contemporary  methodology  for  the  analysis 
of  deformation  measurements.  Due  to  the  space  limitations,  no  detailed  derivation  of  the 
formulae  will  be  provided,  but  references  may  be  consulted. 

2.  General  Background  on  the  Analysis  of  Deformation  Surveys 

2. 1  General  Classification  of  Deformation  Analysts  Methods 

If  acted  upon  by  external  forces  (loads),  any  real  material  deforms,  i.e.,  changes  its 
dimensions  and  shape.  Under  the  action  of  loads,  internal  stresses  (ftwee  per  unit  area)  arc 
produced.  If  the  stresses  exceed  certain  critical  values,  the  material  fails  (breaks).  Thus 
the  following  two  aspects  of  deformation  should  be  distinguished  in  the  analysis  of 
deformation  surveys: 

(1)  geometrical,  if  we  are  interested  only  in  the  geometrical  status  of  the  deformable 
body,  the  change  of  its  shape  and  dimer.sions; 


(2)  physical,  if  we  want  to  determine  the  physical  status  of  the  deformable  body,  the 
state  of  internal  stresses,  and,  generally,  the  load-deformation  relationship. 

In  the  first  case,  information  on  the  acting  forces  and  stresses  and  on  physical 
properties  of  the  body  are  of  no  interest  to  the  interpreter  or  are  not  available.  As  a  final 
result  of  the  geometrical  analysis  of  deformation  surveys,  usually  only  relative 
displacements  of  discrete  points  are  given  with  their  variance-covariance  matrix.  The 
geometrical  analysis  is  of  particular  imptxtance  when  the  deformable  structure  is  supposed 
to  satisfy  certain  geometrical  conditions,  such  as  vcrticality  or  the  alignment  of  some  of  its 
components.  In  that  case,  the  results  of  the  deformation  surveys  arc  directly  utilized  in  an 
adjustment  of  the  geometrical  status. 

In  a  more  refined  geometrical  analysis,  when  an  overall  picture  of  the  geometrical 
status  is  required,  the  displacement  field  (or  fields)  for  the  entire  body  is  approximated 
through  a  least-squares  fitting  of  a  selected  displacement  function  (deformation  model)  into 
the  observed  displacements,  as  discussed  in  (Zhrzanowsld  et  aL  [1983].  The  displacement 
field  may  be  readily  transformed  into  a  strain  field  through  the  well-known 
strain-displacement  relationship. 

In  the  physical  analysis  of  deformations,  the  load-deformation  relationship  may  be 
modelled  by  using  either  an  empirical  (statistical)  method,  through  a  correlation  of 
observed  deformations  with  the  observed  loads;  or  a  deterministic  method,  which 
utilizes  information  on  the  loads,  properties  of  the  material,  and  physical  laws  governing 
the  stress-strain  relationship. 

In  this  presentation,  only  the  geometrical  analysis  of  deformation  surveys  will  be 
discussed.  The  physical  interpretation  of  deformations  will  be  briefly  discussed  in  another 
presentation  by  Chen  and  Chrzanowski. 

2.2  Classification  of  Geodetic  Monitoring  Networks 

Generally,  in  deformation  measurements  by  geodetic  methods,  whether  they  are 
performed  for  monitoring  engineering  structures  or  ground  subsidence  in  mining  areas  or 
tectonic  movements,  two  basic  types  of  geodetic  networks  are  distinguished  [Chrzanowski 
et  al.,  1981]: 

( 1 )  absolute  networks  in  which  some  of  the  points  are,  or  are  assumed  to  be,  outside  the 
deformable  body  (object)  thus  serving  as  reference  points  (reference  network)  for 
the  determination  of  absolute  displacements  of  the  object  points  (Figure  2.1); 

(2)  relative  networks  in  which  all  the  surveyed  points  are  assumed  to  be  located  on  the 
deformable  body  (Figure  2.2). 

In  the  first  case,  the  main  problem  of  deformation  analysis  is  to  confirm  the  stability 


of  the  reference  points  and  to  identify  the  possible  single  point  displacements  caused,  for 
instance,  by  local  surface  forces  and  wrong  monumentation  of  the  survey  markers.  Once 
the  stable  reference  points  are  identified,  the  determination  of  the  geometrical  state  of  the 
deformable  body  is  rather  simple. 

In  relative  networks,  deformation  analysis  is  more  complicated  because,  in  addition 
to  the  possible  single  point  displacements  like  in  the  reference  network,  all  the  points 
undergo  relative  movements  caused  by  strains  in  the  material  of  the  body  and  by  relative 
rigid  translations  and  rotations  of  parts  of  the  body  if  discontinuities  in  the  material 
(tectonic  faults,  for  instance)  are  present  The  main  problem  in  this  case  is  to  identify  the 
deformation  model.  From  repeated  geodetic  observations,  it  is  necessary  to  distinguish 
between  the  deformations  caused  by  the  extension  and  shearing  strains,  by  the  relative 
rigid  body  displacements  and  by  the  single  point  displacements. 

3.  Deformation  Modelling 

3.1  Deformation  Parameters 

The  deformation  of  a  body  is  fully  described  in  three-dimensional  space  if  9 
deformation  parameters,  6  strain  components  and  3  differential  rotation  components,  can 
be  determined  at  each  point  In  addition,  components  of  relative  rigid  body  motion 
between  blocks  should  also  be  determined  if  discontinuities  exist  in  the  body.  These 
deformation  parameters  can  be  calculated  if  a  displacement  function  representing  the 
deformation  of  the  body  is  known.  Denote  the  displacement  function  by 

r  u(x,  y,  z;  t  -  tp)  1 

d(x,  y,  z;  t  -  tg)  =  I  v(x,  y,  r,  t  - 1,,)  I  (3.1) 

L  w(x,  y,  z;  t  -  tp)  J 

with  u,  V,  w  as  the  components  respectively  of  the  displacement  in  the  x,  y,  z  directions, 
which  are  functions  of  both  position  and  time.  Then  the  normal  strains  designating 
elongation  or  compression  in  the  directions  x,  y,  z  are  calculated  from: 

=  9u/3x  ,  Ey  =  dvidy  ,  E^  =  dw/dz  ,  (3.2) 

and  the  shear  strains  characterizing  the  distortion  of  the  angles  between  initially 
corresponding  lines  are  obtained  as 
E_„  =  (3u/dy  +  dv/dx)  /  2 
Ejjj  =  (du/dz  +  3w/3x)  /  2 
Eyj  =  (dvidz  +  9w/dy)  /  2  . 


(3.3) 


The  differential  rotations  around  the  x,  y,  z  axes  are  expressed  as 
(Ojj »  (dv/dz  -  dw/dy)  /  2 

(Dy  *  (du/dz  -  dw/dx)  /  2  (3.4) 

(Oj  =  (du/dy  -  dv/dx)  /  2  , 

respectively.  In  general,  the  above  derived  quantities  are  time  dependent  and  their 
derivatives  with  respect  to  time  provide  the  strain  rate. 

Certain  functions  of  these  strain  parameters,  for  instance,  maximum  strain, 
dilatation,  pure  shear,  simple  shear,  and  total  shear,  may  also  be  of  interest  and  their 
definitions  can  be  found  in,  e.g.,  Sokolnikoff  (1956]  or  Frank  [1966].  Thus  the  main  task 
of  deformation  analysis  is  to  obtain  a  displacement  function,  which  characterizes  the 
deformation  in  space  and  in  time. 

3.2  Deformation  Models 

Since,  in  practice,  deformation  surveys  are  made  only  at  discrete  points,  the 
deformatiop  a  body  must  be  approximated  through  some  selected  model  which  fits  into 
the  observation  '  .  in  the  best  possible  way.  The  displacement  function  (eqn.  (3.1))  can 
'  :  expressed  in  r..’*  .rix  form  as: 

<l  =  Bc  ,  (3.1*) 

where  B  is  called  the  deformation  matrix  with  its  elements  being  functions  of  the  position 
of  the  observation  points  and  of  time,  and  c  is  the  vector  of  unknown  coefficients  to  be 
estimated.  For  illustration,  examples  of  typical  deformation  models  in  two-dimensional 
space  are  given  below. 

(1)  Single  point  displacement  or  a  rigid  body  displacement  of  a  group  of  points,  say, 
block  B  (Figure  3.1a)  with  respect  to  block  A.  The  deformation  model  is  expressed 
as: 

“a  =  0  •  :  “8=20  Vg^bo,  (3.5) 

where  the  subscripts  represent  all  the  points  in  the  indicated  blocks. 

(2)  Homogeneous  strain  in  the  whole  body  and  differential  rotation  (Figure  3.1b),  the 
deformation  model  is  linear  as 

u  =  EjjX  +  Ejjyy  -  (oy 

V  =  EjjyX  +  Eyy  +  o)x  (3.6) 

where  the  physical  meaning  of  the  coefficients  is  defined  in  eqns  (3.2)  to  (3.4)  with 
O)^  in  eqn.  (3.4)  being  replaced  by  o). 

(3)  A  deformable  body  with  one  discontinuity  (Figure  3.1c),  say,  between  blocks  A  and 
B,  and  with  different  linear  deformations  in  each  block  plus  a  rigid  body 
displacement  of  B  with  respect  to  A.  Then  the  deformation  model  is  written  as 


and 


(3.7a) 


“A  =  exA^  +  exyAy-®Ay 

Va  =  ^xyA^  +  ^Ay  +  “a^ 

“8  =  ^0  +  e^(x  -  Xq)  +  e^yB(y  -  y^)  -  ca^iy  •  y^) 
vg  =  bo  +  EjjygCx  -  Xq)  +  CyeCy  -  yo)  +  «»b(*  - 
where  Xq,  yo  arc  the  coordinates  of  any  point  in  block  B. 

The  components  Auj  and  Avj  of  a  total  relative  dislocation  at  any  point  i  located  on 
the  discontinuity  line  between  blocks  A  and  B  can  be  calculated  as: 

AUj  =  ugCxj,  yj)  -  Uy^CXj,  yj)  (3.8) 

and 

Avj  =  VB(Xi,  yj)  -  v^(Xi,  yj)  .  (3.9) 


y  a)  b)  c) 


Figure.  3.1  Typical  deformation  models. 

Usually,  the  actual  deformation  model  is  a  combination  of  the  above  simple  models 
or,  if  more  complicated,  it  is  expressed  by  non-linear  displacement  functions  which  require 
fitting  of  higher-order  polynomials  or  other  suitable  functions. 

If  time  dependent  deformation  parameters  are  sought,  then  the  above  deformation 
models  will  contain  time  variables.  For  instance,  in  the  first  model  above  (eqn.  (3.5)),  if 
the  velocity  (rate)  and  acceleradon  of  the  dislocation  of  block  B  with  respect  to  block  A  are 
to  be  found,  the  deformation  model  would  be 

“a  =  ®  •  '^A  =  0  «  “B  =  V  '^B  * 

and,  in  the  model  of  the  homogeneous  strain,  if  a  linear  time  dependence  is  assumed,  tite 
model  becomes: 

u(x,  y,  t)  =  ^xt  +  Ejjyyt  -  cayt 
v(x,  y,  t)  =  EjtyXt  +  Eyyt  +  <nxt  , 


(3.11) 

(3.12) 


where  the  dot  above  the  parameters  indicates  their  rate  (velocity)  and  the  double  dot  their 
acceleration. 

3.3  The  Functional  Relationship  Between  the  Deformation  Model  and  the  Observed 
(^antides. 

Any  observation,  geodetic  or  photogranunetric,  or  geotechnical  measurement  made 
in  deformation  surveys  will  contribute  to  the  determination  of  deformation  parameters  and 
should  be  fully  utilized  in  the  analysis.  The  functional  relationships  between  different 
observable  types  and  the  deformation  model,  defined  in  eqns  (3.1)  and  (3.1’).  ^re  given 
below  using  a  local  coordinate  system. 

(1)  Observation  of  coordinates  of  point  i,  for  instance,  the  coordinates  derived  from 
photogrammetric  measurements  or  obtained  using  space  techniques: 

r  Xi(t)  1  r  Xi(to)  1  r  uj  1 

I  yi(t)  I  =  I  yi(to)  I  +  I  vj  I  ,  (3.13) 

L  2i(t)  J  L  Zi(to)  J  L  Wj  i 

or 

ri(t)  =  ri(to)  +  dj  *  rj(to)  +  Be ,  (3.13*) 

where  fj  is  the  position  vector  of  point  i,  and  the  others  are  defined  in  eqn.  (2.1). 

(2)  Observation  of  coordinate  differences  between  points  i  and  j,  e.g.,  height 
difference  (levelling)  observation,  pendulum  (displacement)  measurement,  and 
alignment  survey: 

r  Xj(t)  -  Xi(t)  1  r  xj(to)  -  xj(to)  1  r  Uj  -  uj  1 

I  yj(t)-yi(t)  I  =  I  yj(to)*yi(to)  I  +  I  vj-vj  I  (3.14) 

L  Zj(t)  -  Zi(t)  J  L  Zj(to)  -  Zi(to)  J  L  Wj  -  Wj  J 

or 

rj(t)  -  rj(t)  =  rj(tQ)  -  ri(t^,)  + 

+  {B(xj,  yj,  Zj;  t-t^)  -  B(xj,  Vj,  z^;  t-t^)}  c  .  (3. 14’) 

If  the  components  of  the  displacement  obtained  from  a  pendulum  observation  do  not 
coincide  with  the  coordinate  axes,  a  transformation  to  the  common  coordinate 
system  has  to  be  performed.  Similarly,  a  coordinate  transformation  may  be  required 
in  alignment  surveys  which  provide  a  transverse  displacement  of  a  point  with  respect 
to  a  straight  line  defined  by  two  base  points. 


(3)  Observation  of  azimuth  from  point  i  to  point  j 


r  Uj-Uj  1 

04j(t)  =  aij(to)  +  [(-cosOij)  /  (SjjCosPij) .  (sinctij)  /  (Sjjcospij)]  I  I  (3.15) 

Lvj-v.J 


where  Pjj  and  Sjj  are  the  vertical  angle  and  spatial  distance  from  point  i  to  point  j, 
respectively.  The  observation  of  a  horizontal  angle  is  ex]»essed  as  the  difference  of 
two  azimuths. 

(4)  Observation  of  the  distance  between  points  i  and  j: 


r  uj-uj  1 

Sij(t)  =  Sij(to)  +  (cospij  sinOij .  cosfSjj  cosajj .  sinPjj)  I  vj-vj  |  .  (3.16) 

L  Wj  -  Wj  J 

(5)  Observation  of  strain  along  die  azimuth  a  and  vertical  angle  ^  at  point  i: 

e(t)  =  e(g  +  pTEp,  (3.17) 

where 


(cosp  sina,  cosP  cosa,  sinp) 

r  du/3x 

du/dy 

du/dz  1 

1  dv/3x 

3v/3y 

3v/dz  1 

L  dw/8x 

9w/3y 

3w/3z  J 

(6)  Observation  of  a  vertical  angle  at  point  i  to  point  j; 

(  sinPij  sinOij  sinp^  costtjj  cospjj  ^  F  Uj  -  Uj  ] 

=  Pij(to)  +  1  - - .  -  - .  -  1  1  vj-vj  1  (3. IS) 

I  Sy  Sjj  Sjj  )  Lwj-wjJ 

(7)  Observation  of  a  horizontal  tiltmeter: 

x(t)  =  x(tQ)  +  (9w/3x)  sina  +  (3w/dy)  cosa  (3.19) 

where  a  is  the  orientation  of  the  tiltmeter. 

In  the  above  formulae,  the  quantities  u,  v,  w  and  their  derivatives  are  replaced  by  the 
deformation  model  which  is  expliticly  expressed  in  cqn.  (3.1').  Thus  all  the  observations 
are  functions  of  the  unknown  coefficients  c. 


4.  Remarks  on  the  Adjustment  of  Monitoring  Networks 


As  discussed  in  section  3.3,  the  defonnation  parameters  can  be  directly  estimated 
from  the  observations.  However,  if  the  observation  scheme  includes  a  complete  geodetic 
network  (without  configuration  defect),  it  is  recommended  that  the  whole  procedure  of 
deformadon  analysis  be  separated  into  two  parts: 

(1)  adjustment  of  the  network  for  each  campaign; 

(2)  fitting  of  a  deformadon  model  into  displacements  (quasi-observables)  calculated 
from  paired  differences  in  the  adjusted  coordinates. 

The  adjustment  process  provides  an  opportunity  for  detecdng  outliers  and  systematic 
errors  in  the  observadons,  as  well  as  for  the  evaluation  of  the  quality  of  the  observations. 
Appendices  I  and  II  give  a  brief  review  on  the  detection  of  outliers  and  on  the  assessment 
of  the  observations,  respectively,  using  methods  developed  at  UNB  (Chen  1983;  Chen  and 
Chrzanowski,  1985;  Chen  et  al.,  1986]. 

If  subjected  to  the  proper  transformation  (ste  section  5),  the  displacements  calculated 
from  the  adjusted  coordinates  give  a  picture  of  die  deformation  pattern  and  help  in  the 
identification  (trend  analysis)  of  the  deformation  model. 

For  the  sake  of  completeness  in  the  discussion  of  deformation  analysis,  some 
remarks  on  the  adjustment  of  monitoring  networks  are  given  below. 

Deformation  monitoring  networks  are  mostly  free  networks,  suffering  from  datum 
defects.  Consider  the  n-vector  of  observations  I  with  dispersion  measured  by  in  a 
monitoring  network  such  that 

/  +  v  =  Ayy  +  A^x,  (4.1) 

where  v  is  the  n-vector  of  residuals;  x  is  the  vector  of  coordinates  of  surveyed  points;  y  is 
the  vector  of  nuisance  parameters,  e.g.,  the  orientation  unknown  for  each  round  of 
directions;  and  Ay,  Aj^  are  corresponding  configuration  matrices.  The  least-squares 
criterion  leads  to  the  normal  equations: 

r  Ay'^Q-iAy  AyTQ-»A,  1  r  y  1  F  Ay'^Q**/  1 

I  I  I  I  =  I  I  .  (4.2) 

L  A/Q-^Ay  A  Tq-1a,  J  L  X  J  L  aJQ-‘/  J 

Eliminating  vector  y,  one  gets 

A J[Q**  -  Q-^Ay(AyTQ-lAy)-»  Ay^Q' ^ ]  A^  X  « 

=  AyT(Q*l  -  Q-lAy(AyTQ'»Ay)-l  Ay^Q'!)  /  ,  (4.3) 

or,  more  compactly,  as 


N  X  =  w  . 


(4.3-) 

Due  to  datum  defects  in  the  monitoring  network,  the  cocfFtcient  matrix,  N,  of  the  normal 
equations  is  singular.  Therefore,  one  must  define  datum  equations  to  solve  for  x.  Let 
D^x  =  0  be  the  datum  equations  in  which  the  rank  of  matrix  D  is  equal  to  the  number  of 
datum  defects  in  the  network.  Then,  the  solution  of  eqn  (4.3‘)  becomes 

x  =  NdW  ,  Q,  =  Nd  (4.4) 

with 

Nd  =  (N  +  DD^)'*  -  HCH'^'DDTH)*'  H'*'  .  (4.5) 

The  matrix  H  generates  the  null  space  of  matrix  N,  i.c.,  NH=0.  For  example,  for  a 
•triangulation  network,  matrix  H  reads  as: 


r  1 
1  0 

HT=  I  -yjO 
L  x,'0 


0  I 

1  0 


1  0  1 

0  1  1 

■ym°  V I  (■«•«) 

»n,°  yn,”  i 


where  xj°,  yj®  are  the  coordinate  components  of  point  i  with  respect  to  the  centroid  of  the 
network.  For  a  trilateration  network,  the  last  row  of  in  eqn.  (4.6)  disappears. 

In  the  general  case  of  a  three-dimensional  network  consisting  of  m  points,  one 
expression  of  matrix  H  has,  for  the  maximal  case  of  seven  datum  defects,  the  structure: 


r 

1 

0 

0 

0 

7  O 

•yi°  • 

Xi®  1 

1 

0 

1 

0 

0 

Xj® 

y,®  1 

1 

1 

0 

0 

1 

-x  o 

0 

^1°  1 

1 

H=  1 

1 

• 

• 

• 

• 

• 

• 

1  (4.7) 

1 

I 

1 

0 

0 

0 

z  ® 

-y  ° 

J  m 

1 

1 

1 

0 

1 

0 

-z  ® 

0 

X  ® 

ym  1 

0 

0 

1 

V  ° 

m 

0 

z„®  J  (3m)x(7) 

where  x®.  y 

®.  and  Zj® 

arc  the  approximate 

coordinates 

of  the 

points  in  the  directions  x 

and  z,  respectively,  with  respect  to  the  centroid  of  the  network.  The  first  three  columns  of 
matrix  H  correspond  to  the  translation  of  the  network  in  the  directions  x,  y,  z;  the  second 
three  columns  take  care  of  the  rotation  of  the  network  at  the  centroid  about  the  x,  y,  z  axes, 
respectively;  the  last  column  accounts  for  the  change  in  scale. 


The  solution  of  eqn.  (43*)  with  respect  to  the  datum  D"*^x»0  can  also  be  realized 
through  a  similarity  transformatian  from  any  solutions  (say  x^)  as 

xmSx^  ,  Qx-SQ„ST  (4.8) 

with 

S  » (I  -  H(DTH)*»  DT)  =  I  -  H(HTWH)**  HT  W  ,  (4.9) 

where  W  *  D(D^D)**  D"^.  The  matrix  W  in  eqn.  (4.9)  can  be  interpreted  as  a  weight 
matrix  in  the  definition  of  the  datum.  If  all  the  points  in  the  network  are  of  the  same 
inqx>rtance  in  defining  the  then  Wa^I  and  eqn.  (4.8)  becomes  the  inner  constraints 
solution. 

If  only  some  points  are  used  to  define  the  datum,  then  the  other  points  are  given  zero 
weight  For  more  details,  refer  to  Chen  (1983). 

From  the  adjustment  the  a  posteriori  variance  factor  is  calculated  from 

*  v^Q'^v  /  df ,  (4- 10) 

with  the  degrees  of  freedom  df  «  (n  -  Uy  -  u^  +  d),  where  v  is  the  vector  of  estimated 
residuals,  u,,  Uy  are  the  numbers  of  unknown  parameters  x  and  y,  respectively,  and  d  is 
the  number  of  datum  defects.  When  diere  are  k  a  posteriori  variance  factors  (i*l,...Jt) 
with  the  degrees  of  freedom  df|  from  the  adjustment  of  k  epochs  of  observations,  the 
pooled  a  posteriori  variance  factor  can  be  calculated  from 

(Xdfiai^)/(2:dfi).  (4.11) 

i 

if  the  Bartlett  test  [Bjerhammar,  1973]  allows  the  non-rejection  of  the  null  hypothesis  : 
* ...  =  . 

5.  Identification  of  Deformation  Models 

Generally,  the  analysis  of  deformation  surveys  consists  of  three  basic  processes; 

( 1 )  preliminary  identification  of  the  defonnatiem  model; 

(2)  estimation  of  the  deformation  parameters: 

(3)  diagnostic  checking  of  the  deformation  models  and  the  final  selection  of  the  "best” 
model. 

Identification  procedures  are  applied  to  a  set  of  data  to  indicate  the  kind  of 
deformation  that  warrants  further  investigation.  After  a  tentative  formulation  of  the 
deformation  trend,  estimates  of  deformation  parameters  or  the  coefficients  of  the  models 
are  obtained  using  the  least-squares  technique.  After  the  parameters  have  been  estimared, 
diagnostic  checks  are  performed  to  determine  the  adequacy  of  the  fitted  model  or  to  iixiicate 


potential  improvements.  Those  three  processes  necessarily  overlap  and  should  be 
performed  as  an  iterative  three-step  procedure. 

When  the  deformation  observations  are  scattered  in  time,  a  simultaneous  handling  of 
all  the  observations  in  the  deformation  analysis  may  be  necessary  (see  section  6).  The 
identification  of  the  deformation  model  in  such  cases  may  be  difficult  unless  the  model  can 
be  assumed  from  a  priori  knowledge  of  the  deformation  mechanism.  In  practice,  the 
observations  are  usually  grouped  in  distinct  epochs  of  time.  Then  performing  the  analysis 
on  pairs  of  epochs  is  preferred  to  the  direct  simultaneous  analysis  of  all  the  epochs.  The 
analysis  of  pairs  of  epochs  has  the  following  advantages; 

( 1 )  Single  point  movement  in  a  reference  network  does  not  usually  follow  certain  time 
functions  and,  therefore,  the  main  interest  lies  in  the  localization  of  unstable  points 
between  two  epochs  of  time. 

(2)  An  analyst  of  deformation  measurenKnts  is  often  curious  about  what  happened  to 
the  deformable  body  between  the  most  recent  surveying  campaign  and  the  previous 
one. 

(3)  Through  the  analysis  of  successive  pairs  of  epochs  of  observations,  the  deformation 
trend  in  the  time  domain  will  be  recognized. 

An  important  step  in  the  analysis  of  pairs  of  epochs  of  observations  is  to  identify  the 
deformation  pattern  in  the  space  domain.  Mrxeover,  if  the  defmmation  is  postulated  to  be 
of  a  linear  nature  in  time,  then  all  the  observations  marie  at  different  epochs  of  time  can  be 
reduced  to  the  observed  rate  of  change  of  the  observation. 

Here,  a  method  developed  at  the  U.S.  Geological  Survey  [Prescott  et  al.,  1981] 
should  be  mentioned.  In  their  method,  all  the  observations  of  each  line  in  a  trilateration 
network  are  plotted  against  time,  and  then  a  linear  time  function  (without  precluding  the 
possibility  of  nonlinearity)  is  Htted  to  each  of  the  plots.  The  slope  of  each  fitted  straight 
line  is  an  estimate  of  the  averse  rate  at  vdtich  the  line  was  changing  during  the  time  period 
covered  by  the  observations.  The  standard  deviation  in  the  rate  is  also  calculated.  Then 
the  problem  reduces  to  the  estimation  of  the  deformation  rate.  Therefore,  analysis  of 
multi -epoch  obsen'ations  becomes  the  estimation  of  the  deformation  rate.  In  this  case,  the 
main  task  is  again  to  identify  the  defcxmation  pattern  in  space. 

As  already  mentioned,  the  selection  of  deformation  models  may  be  based  on  a  priori 
information  or  on  trend  analysis  from  the  displacement  pattern.  If  a  monitoring  network 
suffers  from  datum  defects,  which  is  usually  the  case,  a  method  of  iterative  weighted 
transformation  [Chen,  1983]  can  be  used  to  yield  the  "best"  picture  of  the  displacement 
field,  as  discussed  below. 

When  comparing  two  campaigns,  the  vector  of  displacements  and  its  cofactor  matrix 


are  calculated  as 

d»X2-X(  ,  Qd*Qxi+Q52  with  fnwn  eqn.  (4.11),  (5.1) 

Because  unstable  points  are  not  identified,  the  displacenwnts  calculated  from  eqn.  (5.1) 
may  be  biased  by  a  pre-selected  datum  or  by  a  different  datum  definiticMi  in  the  adjustment 
of  two  can^>aign  observations.  A  typical  example  for  the  latter  case  is  the  monitoring 
scheme  in  which  a  tiiangulation  network  was  used  in  the  first  campaign  and  a  trilateration 
or  triangulateration  network  in  the  second  campaign. 

To  overcome  this  problem,  a  method  of  iterative  weighted  transfcxmation  has  been 
developed.  .  Let  dj  and  be  calculated  from  eqn.  (S.l).  The  transformation  of  dj  into 
another  datum  is  computed  from  eqns.  (4.8)  and  (4.9)  as 

d^^i  =  (I  -  H(H''‘WH)-*  H^W)  d,^  =  S,,  d,.  .  (5.2) 

At  the  outset,  the  weight  matrix  W  is  taken  as  the  identity,  then  in  the  (k-t-l)th 
transformation,  the  weight  matrix  is  defined  as 

W-diag{l/ldi(k)|}  .  (5.3) 

where  d|(k)  is  the  i**  component  of  the  vector  dj^  after  the  iteration.  The  iterative 
procedure  continues  until  the  differences  between  the  successive  transformed 
displacements  (i.e.,  d^^j  -  d^)  approach  zero.  During  this  procedure,  some  dj(k)  may 
approach  zero  causing  numerical  instabilities  because  Wj »  l/ld|(k)|  becomes  very  large. 
Thus,  a  lower  bound  is  set  When  |d|(k)|  is  smaller  than  the  lower  bound,  its  weight  is  set 
to  zero.  If  in  the  following  iterations  the  dj(k>«-l)  becomes  significantly  large  again,  the 
weights  can  be  changed  accordingly.  The  method  provides  a  datum  which  is  robust  to 
unstable  reference  points  giving  an  unbiased  depiction  of  displacements.  In  the  last 
iteration,  say  (k+l)**,  the  cofactor  matrix  should  also  be  calculated  as: 

Qdk+l  =  Qdl  •  (5.4) 

Comparing  the  displacements  of  each  point  against  its  confidence  ellipse,  one  can 
identify  the  reference  points  which  are  most  probably  unstable.  The  following  are  two 
examples  used  to  illustrate  the  method. 

The  first  example  is  a  simulated  relative  geodetic  network  across  a  fault  line  (Figure. 
5.1),  where  only  directions  were  measured  in  the  first  campaign  and  both  directions  and 
distances  were  measured  in  the  second.  A  200  mm  relative  movement  in  the  y  direction  of 
block  B  with  respect  to  Block  A  was  inux>duced.  Without  considering  measuring  errors, 
the  displacement  fields  using  the  proposed  method  and  the  method  of  the  inner  constraints 
solution  are  portrayed  in  Figures.  5.2  and  5.3,  respectively,  coupled  with  the  real 
displacement  pattern  in  dashed  lines.  As  one  can  sec,  the  displacement  field  (Stained  from 
the  method  of  iterative  weighted  transformation  is  much  closer  to  the  real  situation, 
compared  with  the  cemstraint  solution. 


Figure  5.1  Typical  campaign  of  the  simulated  relative  geodetic  network. 


Figure  S.2  Simulated  relative  geod^c  network — ^Displacement  field  after  the  iterative  vreighted 
transformation  (solid)  versus  the  actual  displacements  (broken). 


Figure  5.3  Simulated  relative  geodetic  network — ^Displacement  field  under  inner 
constraints  (solid)  versus  the  actual  displacements  (broken) 


In  the  second  example,  the  method  is  applied  to  a  dam  monitoring  network 
consisting  of  a  reference  network  of  six  stations  from  which  a  number  of  targetted  points 
on  the  dam  were  positioned.  The  same  network  in  actual  conditions  is  shown  in  the 
example  of  section  10  (Figure  10.1)  A  simulated  movement  in  steps  of  1  mm  was 
introduced  to  station  5  in  the  y  direction  between  the  successive  survey  campaigns  (total  of 
1 1  campaigns).  The  displacement  field  coupled  with  the  error  ellipses  ai  95%  confidence 
level  were  calculated  using  the  method  of  iterative  weighted  transformation  and  the  method 
of  the  inner  constraints  solution.  Table  1  sununplarizes  the  results  of  the  identification  of 
the  points  suspected  as  being  unstable  because  their  displacements  extended  beyond  the 
confidence  region  at  95%. 


TABLE  1. 

Points  outside  the  95%  confidence  region  after  introducing 
simulated  displacements  to  station  5. 

Suspected  Accumulated  simulated  displacement  of  station  5  in  mm 
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XO 

XO 

xo 

XO 

xo 

6 

0 

0 

X;  using  the  method  of  iterative  weighted  transformation. 
0;  using  the  method  of  the  inner  constraints  solution. 


It  is  clear  from  Table  1  that  the  method  of  iterative  weighted  transformation  identified 
the  unstable  point  coirectiy,  while  the  method  of  inner  constraints  solution  declared  more 
suspected  unstable  points. 

The  method  of  the  weighted  transformation  is  flexible.  If  some  points  are  more 
likely  to  move,  a  weight  of  zero  is  assigned  to  each  of  these  points  during  the  iterative 
process.  For  example,  if  the  points  on  one  side  of  a  tectonic  fault  may  likely  move  with 


respect  to  the  points  -on  the  other  side,  then  only  the  points  on  the  one  side  are  used  to 
define  a  datum. 

6.  Estimation  of  Deformation  Models 

Let  yj  (i=l,2,...,  k)  be  the  vector  of  observations  in  epoch  i,  including 
quasi-observations  (e.g.,  the  coordinates  of  points  from  an  adjustment  of  geodetic  network 
of  photogrammetric  surveys),  geotechnical  measurements  (using  strainmetcrt, 
extensometers,  tiltmeteis,  etc.),  and  individual  geodetic  observations,  and  Pj  be  the  weight 
matrix  of  yj.  The  weight  matrix  for  the  coordinates  of  points  estimated  from  eqn.  (3.3')  is 
taken  as  N,  and  for  the  other  observed  quandties  it  is  taken  in  the  conventional  way  as  the 
inverse  of  the  cofactor  matrix.  Because  of  datum  defects  and  possible  configuration 
defects  in  a  monitoring  network,  the  weight  matrix  Pj  is,  in  general,  considered  as  being 
singular  [Chrzanowski  et  al.,  1983].  Determination  of  the  coefficients  of  a  deformation 
model,  d(x,  y,  z;  t-tj)  =  B(x,  y,  z;  t-tj)c,  is'isased  on  the  following  functional  relations: 

r  vj  1  r  Sj  1  r  I  o  i 

I  vj  I  I  62  1  1 1  Bj  I  r  ^  1 

I  •  1  +  I  •  1  =  I  .  .  11  )•  (6.1) 
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with  weight  matrix  P  =  diag{Pj,  Pj, ...,  Pk),  ^  is  the  expected  value  of  Vj,  and  5j  is  a 
vector  of  residuals  after  fitting  the  deformation  model  to  the  yj;  matrix  Bj  is  a  function  of 
the  position  of  points  and  time.  If  yj  is  the  vector  of  coordinates,  then  Bj  =  Bj.  If  yj  is  the 
vector  of  observations  rather  than  of  the  coordinates  of  points,  B  j  =  ABj,  where  matrix  A 
is  the  transformation  matrix  (or  configuration  matrix)  relating  the  observations  to  the 
coordinates.  In  order  to  keep  the  same  population  of  vector  yj  in  each  epoch,  dummy 
observations  with  zero  weight  are  put  in  the  place  of  observations  missing  in  campaign  i  in 
the  vector  yj.  Applying  the  principle  of  least  squares  to  model  (6.1),  the  normal  equations 
read: 
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The  coefficient  matrix  of  the  normal  eqns.  (6.2)  may  be  singular  with  rank  defects 


rd{IPi}  =  d 

1 


(6.3) 


which  is  equal  to  the  number  of  remaining  datum  and  configuration  defects  not  determined 
in  at  least  one  epoch. 

Eliminating  4  from  eqn.  (6.2)  allows  the  vector  c  and  its  accuracy  to  be  calculated 

from: 

c=  Nj-'tSBiTp,,;  XP^y.)  (6.4) 

2  2  11 


and 


C,  =  N,-1  =  XBiTp,Bi  -  2BjTP;(  IPi  )■  IPilil-' 

2  2  12 


(6.5) 


To  serve  as  the  a  priori  variance  factor  the  pooled  variance  (a  posteriori  to  the 
campaign  adjustments)  factor  obtained  from  eqn.  (4.1 1)  is  used. 

As  was  already  mentioned,  an  indispensible  step  in  the  deformation  analysis  is  the 
analysis  of  pairs  of  epochs  of  observations.  In  this  special  case,  for  each  pair  of  epochs, 
eqn.  (6.4)  reduces  to: 

c  =  (BTp^^B)-'BTP4,6y,  (66) 

in  which 

Ay  =  y2-yi 

P^y  *  ?2  -  P2(Pi  +  p2)‘  ^2  ■ 

If  stands  for  observations  Ij,  solution  (6.6)  becomes: 

c  «  [BTaTp^ABJ-1  BTa^P^/j  -  /,)  (6.7) 


with 


P4;-(Q|+Q2)  '  ■ 

This  is  called  the  "observation  approach.”  If  yj  stands  for  the  estimated  coordinates  Xj 
from  eqn.  (4.3*),  then 

c  =  (BTPjBrlBTpj  d  .  (6.8) 

with  d  =  (X2  -  Xj)  and  P^  =  N|(N|  +  N2)*  N2.  Then  it  is  named  the  "displacement 
approach." 

7.  Assessment  of  the  Deformation  Models 

7.1  General  Remarks  on  Statistical  Testing 

Analysis  of  deformation  surveys  involves  several  tests  of  hypotheses.  Consider  the 
observation  equations; 

/  =  Ax  +  v  ,  (7.1) 

where  /  is  a  vector  of  n  observations  with  normal  distribution  and  dispersion  x  is  a 
vector  of  u  unknown  parameters,  A  is  the  design  matrix  (or  configuration  matrix),  v  is  the 
vector  of  residuals,  is  the  a  priori  variance  factor,  and  Q  is  a  cofactor  matrix  so  that  the 

observations  have  a  weight  matrix  P  =  Q*^  If  the  null  hypothesis  :  Hx  =  w  is  to  be 
tested  against  an  alternative  :  Hx  *  w,  then  the  test  statistic  can  be  obtained  by 
imposing  the  constraints  Hx  ®  w  on  the  parameters  x.  Under  the  null  hypothesis,  model 
(7.1)  becomes; 


f  /=  Ax +  v  with 

^  •  (7.2) 

I  Hx  =  w 

The  acceptance  of  the  null  hypothesis  at  a  certain  significant  level  a  is  ensured  by  the 
inequality; 

T  =  [((Ri  -  Rq)  /  Rp)(df/(dfi  -  df))]  <  F(a;  df,  -  df,  dO  .  (7.3) 

or,  equivalently, 

T  =  [(Ri-Ro)/Ri)(dfi/(dfi-df)l  ^ 

<  (df ,  F(a;  df , -df,  df))/(df  +  (df  j -dO  F(a;  df , -df,  dO) ,  (7.4 ) 

where  Rq  and  Rj  are  the  quadratic  forms  of  the  residuals  from  the  adjustment  of  model 
(7.1)  and  model  (7JZ),  respectively.  The  corresponding  degrees  of  freedom  are; 

df  =  n  -  rank{A}  , 


and 


dfj  »  n  -  rank{A^ :  +  rank{H^}  . 

In  the  practice  of  hypothesis  testing,  (R|  -  Rg)  and  in  the  statistics  (7.3)  and  (7.4) 
can  he  calculated,  depending  on  the  |m>biem  at  hand,  in  three  different  ways  [Own,  1983]: 

(i)  from  separate  adjustments  of  model  (7.1)  and  model  (7.2), 

(ii)  from  the  adjustment  of  model  (7.1), 

R,  -  Rq  =  (Hx  -  w)T  (H(A’''  Q*»  A)-^  HT)-»  (Hx  -  w)  (7.5) 

(iii)  from  the  adjustment  of  model  (7.2) 

Rl  -  Rq  «  vT  Q-»  A2(A/  Q-‘  Qv  Q-*  Aj)-  Q'^  v  ,  (7.6) 

where  v  and  are  the  vector  of  residuals  and  its  cofactor  matrix,  respectively,  and  matrix 
A2  generates  the  space  whose  union  with  the  solution  space  of  model  (7.2)  equals  the 
solution  space  of  model  (7.1). 

7.2  Assessment  and  Rnal  Selection  of  the  Deformation  Model 

The  global  appropriateness  of  a  deformation  model  can  be  tested  using  a  quadratic 

function  of  the  residuals  5-  in  eqn.  (6.1)  as 

AR^iSi^PjSi,  (7.7) 

1 

where  the  notation  has  been  defined  in  section  6.  The  quantity  AR  follows  a  chi-squared 
distribution  with  degrees  of  freedom  being 

k 

dfc=  Ir{Pi}.u  +  d  (7.8) 

1 

where  u  is  the  dimension  of  the  vector  of  unknowns  (^^ :  c^)  of  eqn.  (6.1),  r{Pj}  is  the 
rank  of  matrix  Pj,  and  d  has  been  defined  in  eqn.  (6.3).  If  the  following  inequalities  hold: 

AR<OQ2  5r2(df^;a),  (7.9) 

when  the  a  priori  variance  factor  is  known,  or 

AR  <  df^  F(dfc,  df;  a)  .  (7. 10) 

when  the  pooled  variance  factor  is  used  and  df  =  f  j  +  ...  +  fj^,  as  defined  in  eqn.  (4.1 1), 
then  the  deformation  model  is  globally  acceptable  at  the  (1-a)  confidence  level.  When 
c=0,  the  test  statistic  (7.9)  or  (7.10)  can  be  regarded  as  an  extension  of  the  global 
congruency  test,  which  originated  from  Pelzer  (1971]. 

The  significance  of  the  individual  parameter  c^  or  a  group  of  Uj  parameters,  Cj  which 
is  a  subset  of  c,  is  revealed  by  testing  the  null  hypothesis  Hq  :  Cj^O  or  Cj«0  versus  the 
alternative  hypothesis  :  c^^  or  Cj^^O.  Their  significances  are  indicated  by 
Ci^/(Oo^  Qii)  ^  F(l.  df;  a) 


(7.11) 


and 


“i)  ^  P(“i.  df;  a)  (7.12) 

where  q^j  is  the  diagonal  element  of  Q^and  Q^j  is  a  submatrix  of  Q^.  If  the  global  test 
fails,  localization  in  time  domain  or  in  space  domain  should  be  performed.  Displaying  the 
residuals  will  help  in  improving  the  model 

Since  more  than  one  of  several  possible  models  could  fit  the  data  reasonably  well, 
the  authors  have  set  the  following  criteria  for  selection  of  the  "best  model"; 

(1)  the  model  passes  the  global  statistical  test  and  all  parameters  are  significant  beyond 
some  level  of  a  as  0.10  or  0.05, 

(2)  if  more  than  one  model  satisfies  the  above  criteria,  then  the  model  with  the  fewest 
parameters  is  selected. 

(3)  if  no  model  satisfies  the  criteria  of  (1),  then  physically-based  rationale  and  minimum 
error  of  fit  are  used. 

8.  Summary  of  the  Generalized  Method  of  Geometrical  Analysis 

The  presented  approach  to  the  geometrical  analysis  of  deformation  surveys  has  been 
named  by  the  authors  the  UNB  Generalized  Method. 

As  shown  in  the  previous  sections,  the  method  is  applicable  to  any  type  of 
geometrical  analysis,  both  in  space  and  in  time,  including  the  detection  of  an  unstable  area 
and  the  determination  of  strain  components  and  relative  rigid  body  motion  within  a 
deformed  object  It  allows  utilization  of  different  types  of  surveying  data  and  geotechnical 
measurements.  In  practical  application,  the  approach  consists  of  three  basic  processes; 
identification  of  deformation  models;  estimation  of  the  deformation  parameters;  diagnostic 
checking  of  the  models  and  the  final  selection  of  die  "best"  model 

The  analysis  procedures  using  the  approach  can  be  summarized  in  the  following 

steps; 

(1)  Assessment  of  the  observations  using  the  minimum  norm  quadratic  unbiased 
estimation  (MINQE)  principle  (Appendix  1)  to  obtain  the  variances  of  observations 
and  possible  correlations  of  the  observations  within  one  epoch  or  between  epochs,  if 
the  a  priori  values  are  not  available. 

(2)  Separate  adjustment  of  each  epoch  of  geodetic  or  photogrammetric  observations,  if 
such  arc  available,  for  detection  of  outliers  (Appendix  II)  and  systematic  errors.  If 
correlations  of  the  observations  between  epochs  arc  not  negligible,  then 
simultaneous  adjustment  of  multiple  epochs  of  observations  is  required. 

Step  1  and  2  overlap  because  the  existence  of  outliers  and  systematic  errcxs  will  influence 


the  estimated  variances  and  covariances  and  adopted  variances  and  covariances  of  the 
observations  will  affect  outlier  detection. 

(3)  Comparison  of  pairs  of  epochs:  selecdtm  of  deformation  models  based  on  a  priori 
considerations  and  trend  analysis  from  the  displacement  pattern  if  such  is  available 
from  the  observations.  If  a  monitoring  network  suffers  from  datum  defects,  the 
method  of  iterative  weighted  transformation  is  used  to  yield  the  "best"  picture  of  the 
displacement  pattern. 

(4)  Estimation  of  the  coefficients  of  deformation  models  and  their  covariance  using  all 
available  information. 

(5)  Global  test  on  the  deformation  model;  testing  groups  of  the  coefficients  or  an 
individual  one  for  significance. 

The  above  three  steps  should  be  considered  as  an  iterative  three-step  procedure,  so  they 
necessarily  overlap. 

(6)  Simultaneous  estimation  of  the  coefficients  of  the  deformation  model  in  space  and  in 
time  if  the  aiulysis  of  pairs  of  epochs  of  observations  suggests  that  it  is  worth 
doing. 

This  simultaneous  estimation  must  be  performed  if  the  observations  are  scattered  in  time. 
The  iterative  three-step  procedure  is  still  valid.  The  possible  deformation  models  can  be 
selected  either  based  on  a  priori  considerations  or  by  plotting  the  observations  versus  time 
for  trend  analysis. 

(7)  Comparison  of  the  models  and  choice  of  the  "best"  model.  Since  more  than  one  of 
several  possible  models  could  fit  the  data  reasonably  well,  the  "best"  model  is 
selected  according  to  the  criteria; 

(a)  the  model  passes  the  global  statistical  test  at  an  acceptable  probability; 

(b)  if  more  than  one  model  passes  the  global  test,  then  the  model  with  the  fewest 
significant  coefficients  is  selected. 

(c)  if  the  two  above  criteria  cannot  be  satisfied,  then  rationale  based  on  physical 
ground  and  minimal  error  of  fit  is  used. 

(8)  Calculation  of  the  desired  deformation  characteristics  and  their  accuracies  from  the 
parameters  of  the  "best”  model. 

(9)  Graphical  display  of  the  deformation  model. 

A  detailed  description  of  the  above  steps  with  practical  examples  can  be  found  in 
Secord  [1984].  Some  applications  will  be  given  in  case  studies  presented  at  this 
workshop.  The  reader  is  also  referred  to  Chen  [1983],  Chrzanowski  et  al.  [1983;  1985], 
and  Chrzanowski  and  Secord  [1983;  1985]. 


9.  Computer  Program  Cluster  "UNB  DEFNAN" 


The  UNB  generalized  method  has  been  implemented  through  software  developed  in 
FORTRAN  77  on  an  IBM  3090  mainframe  and  on  an  IBM  PC/AT.  The  cluster  of 
programs  has  the  same  behaviour  in  either  system  with  the  only  variations  being  in  file 
management  and  in  graphical  display.  Hence,  the  following  description  of  the  modules  is 
applicable  to  either  system. 

The  cluster  is  most  easily  described  with  reference  to  Figure  9.1  which  shows  the 
arrangement  of  modules. 

Any  campaign  of  measurement,  Ij,  however  populated,  is  utilized.  If  the 
configuration  of  measured  relationships  is  complete,  then  an  adjustment  is  performed 
resulting  in  least-squares  estimates,  x,-,  under  explicit  minimal  constraints  in  1,  2,  or  3 
dimensions.  The  intention  behind  "UNB  DEFNAN"  has  been  to  remain  flexible  enoush  to 
accept  the  estimated  coordinates  and  their  variance-covariance  matrix  from  any  style  of 
adjustment  program  which  is  then  received  by  module  CORDIF. 

Following  from  at  least  two  campaign  adjustments  are  the  analysis  of  trend  and  the 
modelling  using  coordinate  differences,  dXj,  in  program  module  CORDIF  within  which 
there  are  several  submodules.  The  first,  CORDIFD,  initiates  the  comparison  of  a  pair  of 
campaigns  by  creating  a  set  of  displacements  versus  minimal  explicit  constraints.  It  is  this 
upon  which  the  datum  independent  weighted  transformation  and  modelling  are  based. 
Also,  CORDIFD  allows  the  segregation  of  stations  common  to  the  two  campaigns  or  of 
only  those  stations  of  interest.  e.g.,  only  the  reference  network  stations.  The  displacements 
can  be  readily  depicted  against  their  respective  ellipses  at  any  desired  a  level  through 
graphics  packages  on  either  system.  The  weighted  transformation  is  performed  by 
submodule  CORDIFW  producing  a  datum  independent  indication  of  trend  which  may  be 
visualized  as  displacement  vectors  with  ellipses  at  any  specified  a  level.  Any  collection  or 
arrangement  of  stations  can  be  considered  in  the  modelling  which  is  done  in  a  very  flexible 
submodule  CORDIFM.  Any  model  can  be  accommodated,  provided  that  the  functional 
relationship  has  been  coded.  Full  statistical  testing  of  the  model  and  its  constituents  and 
any  desired  characteristics  may  be  derived  and  their  significance  levels  determined.  One 
example  is  linear  homogeneous  strain  for  which  the  basic  parameters  are  £  ,  £„,  £  ..to 

X  xj  * 

with  a  possible  aQ  and  b^,.  From  this,  the  maximal  and  minimal  strains,  and  £^j„  and 
their  orientation  plus  the  vector  of  relative  rigid  body  movement,  d  with  azimuth  A^j,  would 
be  derived  accompanied  by  their  standard  deviations  and  (1-a)  levels. 

Circumvention  of  a  campaign  adjustment,  especially  when  not  allowed  by  the  lack  of 
a  substantial  configuration,  requires  considering  the  observations  themselves.  This  may  be 
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Figure  9.1  Program  cluster  -UNB  DEFNAN.* 


readily  done  through  module  OBDIF  which  treats  observation  differences,  dl,  in  much  the 
same  way  as  the  dx  were  treated  in  CORDIF  with  the  additional  flexibility  of  being  capable 
of  dealing  with  observables  other  than  the  customary  geodetic  angular  and  linear 
measurements.  Displacements,  dx,  can  be  estimated  from  the  dl  in  submodule  OBDIFD 
with  results  similar  to  those  of  CORDIFD,  even  with  configuration  and  multiple  datum 
defects  associated  with  totally  isolated  but  repeated  observations.  The  weighted 
transformation,  dx^,  can  be  obtained  through  submodule  OBDIFW  for  an  indication  of 
trend.  Similarly  as  in  CORDIFM,  modelling  may  be  done  using  the  di  in  submodule 
OBDBFM. 

If  the  trend  as  indicated  through  the  campaign  comparisons  would  indicate  the 
feasibility  of  a  model  considering  all  or  many  campaigns  simultaneously,  then  this  may  be 
accomplished  through  module  SIMSOL.  This  simultaneous  solution  can  accommodate  as 
many  campaigns  as  desired  with  as  few  as  one  observation  in  a' campaign.  Rates, 
acceleration,  and  higher-order  parameters  may  be  estimated  with  full  statistical  assessment 
and  the  analysis  of  the  observations. 

Altogether,  the  program  cluster  "UNB  DEFNAN"  provides  a  flexible  and  versatile 
deformation  analysis  package  which  can  also  be  utilized  in  the  preanalysis  and  design  of 
deformation  monitoring  schemes. 

10.  An  Example  of  a  Reference  Geodetic  Network 

A  pure  triangulation  network  of  6  concrete  pillar  reference  stations  and  10  uniquely 
intersected  dam  crest  points  (Figure  10. 1)  was  observed  twice  with  47  directions  first  and 
53  directions  in  the  second  campaign.  Least-squares  estimations  of  the  coordinates,  Xj, 
X2>  were  made  under  explicit  minimal  constraints  involving  stations  5  and  6  (considered  as 
"fixed"  and  errorless)  using  UNB  program  GEOPAN  (GEOdetic  Plane  adjustment  and 
ANalysis).  No  observation  in  either  campaign  was  detected  as  being  an  outlier  under  the  t 
max  criterion  at  0.95.  The  pooled  variance  factor,  =  0.95278,  had  df  *  31  degrees  of 
freedom.  With  each  campaign  having  the  same  stations  and  datum,  the  observed 
displacement  components  d  were  obtained  through  the  simple  differencing  of  coordinates, 
through  module  CORDIFD,  as 

d  =  X2-Xi,  (10.1) 

with  cofactor  matrix 

Qd  =  Qi+Q2-  (10-2) 

Within  the  d  and  (2^]  are  zero  elements  corresponding  to  the  coordinates  of  the  constraining 
stations  5  and  6. 
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Figure  10.3 


After  the  converged  iteration  of  the  weighted  transformation  of  d  from  eqn.  (lO.l), 
the  unique,  datum  independent  displacement  pattern  produced  by  module  CCMIDIFW  using 
eqn.  (5.2)  is  shown  in  Figure  10.2.  Obviously,  reference  station  4  has  moved 
significantly  while  the  other  reference  stadtxis  remain  sable  at  0.95. 

Having  an  a^  and  b^  for  each  object  point  and  also  for  sation  4,  and  modelling  the 
block  of  points  I,  2,  3,  5,  and  6  as  sable,  the  deformation  model  consisted  of  22 
parameters  (i.e.,  1 1  pairs  of  displacement  components)  which  were  estinated  using 
module  CORDBFM  and  eqn.  (6.6).  A  plot  of  these  displacements  and  their  associated 
confidence  regions  at  0.95  is  given  in  Figure  10.3.  With  6  degrees  of  freedom  in  the 
modelling,  the  global  test  on  the  adequacy  of  the  model  was  not  rejected  at  0.95  since; 

=  (^oc^)  /  (O  =  1-7628  <  F(6,  3l;  0.05)  =  2.41  . 

Thus,  with  the  a  priori  knowledge  of  the  intention  of  the  network  serving  as  a  reference, 
this  model  was  adopted  as  appropriate. 
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APPENDIX  I 

DETECTION  OF  OUTLIERS 


There  are  two  concepts  of  outlying  observations  in  statistics.  One  is  the  "mean  shift 
model,"  where  an  outlier  has  the  distribution  of  N(ji  +  X,  a^)  instead  of  N(fi,  a^),  and  the 
other  is  the  "variance-inflation  model"  in  which  an  outlying  observation  is  distributed  as 
N(p.,  a^  >  1,  i.e.,  its  variance  is  larger  than  expected.  Different  strategies  for 

reweighting  observations  in  a  least-squares  adjustment  for  detection  of  outliers  are  based 
on  the  latter  concept  In  these  notes,  only  the  "mean  shift  model"  will  be  discussed. 

Consider  the  Gauss-Maiicoff  model  (/,  Ax,  o^).  Let  an  n  vector  of  observations  / 
be  partitioned  into  two  groups:  /|  and  I2  with  /j  being  of  dimension  nj  and  free  of 
outliers,  and  I2  being  of  dimension  n2  and  containing  suspected  outliers,  denoted  by  5. 
The  mean  shift  model  reads: 
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where  v^,  Aj  (i-1,2)  are  corresponding  vectors  of  residuals  and  configuration  matrices, 
respectively.  Mote  compaciy,  eqn.  (1.1)  is  written  as: 

/  +  v  =  Ax  +  E5.  (I.T) 

If  the  observations  are  uncorrelated,  i.e.,  matrix  Q  is  diagonal,  model  (1)  is 
equivalent  to  the  observation  equations  after  outlying  observations  I2  are  removed.  The 
statistical  tests  on  outliers  are  to  confirm,  at  a  certain  confidence  level  (1-a),  the  null 
hypothesis  Hq  :  6  *  0  versus  an  alternative  one  H, :  5  0.  In  the  practice  of  outlier 
detection,  an  adjustment  is  performed  with  the  original  Gauss-Markoff  model  (/,  Ax, 
Oq^Q).  The  least-squares  estimation  of  the  residuals  and  their  cofactor  matrix  is 

\  =  (A(ATQ-J A)-'  A^Q-l  - 1]  f  =  M  / ,  (1.2) 

and 

Q-  =  Q-A(ATq-1a)-1  a'^',  (1.3) 

respectively.  The  quadratic  form  of  the  residuals 

Rj  =  v'TQ-Iv  (1.4) 

follows  a  distribution  with  degrees  of  freedom  df  ^  n-rank(A).  Introducing  vector 
5  in  model  G- 1  *)  will  result  in  a  reduction  in  the  quadratic  form  of  the  residuals 


AR  =  R,  -  Ro  -  v'^Q-UjCAj'^'Q-^QoQ-^Aj)*^  Aj'^'Q’^v  .  (1.5) 

which  will  be  non -centrally  distributed  with  degrees  of  freedom  n2  if  the  null 

hypothesis  is  to  be  rejected.  The  quantity  AR  is  statistically  independent  of  (Rj-AR).  If 
there  art^  no  other  suspected  outliers  in  the  observations,  then  (Rj-AR)  will  follow  a  central 
distribution  with  degrees  of  freedom  being  (df-nj).  G>nfmnation  of  the  suspected 
outliers  is  made; 

(i)  Tj  =  AR/njCg^  >  F(ot;  nj,  <«)  ,  (1.6) 

if  the  a  priori  variance  factor  is  available; 

•  (ii)  T2  =  >  F(a;  02,  df-n2) .  (1.7) 

if  the  a  posteriori  variance  factor  is  used  and  estimated  from 

^^2  =  (R-aR)  /  (df-n2);  (1.8) 

(iii)  T3  =  AR/n2Gf^  ^  (df  F(a;  n2,  df-n2))  /  ((df-n2)  +  F(a;  n2,  df-n2)) ,  (1.9) 

if  the  a  posteriori  variance  factor  is  computed  from  =■  I^df. 

It  is  important  to  point  out  that  the  conclusions  about  outliers  using  the  tests  (1.7) 
and  (1.9)  are  identical,  because  expression  (L9)  can  be  derived  directly  from  expression 
(1.7). 

As  a  special  case,  if  only  one  outlier  is  suspected,  say,  the  ith  observation,  matrix 
A2  in  eqn.  (U)  is  replaced  by  vector  Cj,  which  is  an  n-vector  with  a  unit  value  in  the  ith 
position  and  zeros  elsewhere.  Then  eqn.  (L5)  is  reduced  to 

ARi  =  (ei^Q*^v)2  /  €i'^Q**Q-Q-‘ei .  (I.  lO) 

In  addition,  if  the  observations  are  statistically  independent,  i.e.,  matrix  Q  is  diagonal,  then 
the  expression  ARj  is  further  simplified  as 

=  (i.ii) 

where  q^j  is  the  ith  diagonal  element  of  Q^,  and  Vj  is  the  ith  component  of  v.  In  the  case 
of  one  suspected  oudier,  the  statistical  tests  (L6),  (1.7),  and  0-9)  become  the  w-test  [Kok, 
1984;  Baarda,  1968]; 

w-  =  VARj/Op^  >  VF(a;  1, ««)  =  n(a/2) ,  (1.12) 

the  t-test  [Heck,  1981} 

ij  =  >/ARi/(ao2)j  >  VF(a;  1,  df-l)  » t(a/2;  df-l) ,  (1.13) 

and  the  T-test  [Pope,  1976] 

Tj  =  VaRj/Sq^  >  V(df  F(a;  1,  df-l))  /  ((df-l)  +  F(a;  1,  df-l))  =  T(a/2;  df) ,  (1.14) 
respectively,  in  eqn.  (1. 13)  is  calculated  from 

=(vQ- 1  v  -  AR^df- 1 ) .  (1.15) 

The  T-distribution  is  not  very  popular  in  statistics  and  no  tabulated  critical  values  are 
available,  but  they  can  easily  be  calculated  by  comparing  the  expressions  (1.13)  and  (1.14) 


as  _ 

t(a/2;  dO  =  ^/df  -  t((X/2);  df-I)  /  V(df-1)  +  t2(a/2;  df-1) .  (1.16) 

Since  the  statistical  tests  (1.7)  and  L9)  are  equivalent,  so  are  the  T-test  and  the  t-tesL 

The  difficulty  in  the  detection  of  outliers  lies  in  the  localization  of  outlying 
observations,  especially  when  multiple  outliers  are  present  An  efficient  strategy  has  been 
developed,  and  the  interested  readers  are  referred  to  Chen  et  al.  [1986]. 


APPENDIX  II 

ASSESSMENT  OF  OBSERVATIONS 


In  the  above  discussions,  the  variance-covariance  matrix  of  the  observations  or  the 
weight  relationship  among  the  observations  is  assumed  to  be  known.  This,  however,  may 
not  be  the  case  in  many  practices,  especially  in  heterogeneous  networks.  Assessment  of 
the  observations  may  have  to  be  performed.  The  technique  of  MINQE  (minimum  norm 
quadratic  estimation)  provides  a  tool  to  estimate  variance-covariance  components. 

Consider  the  linear  Gauss-Markoff  model  (/,  Ax,  C).  Assume  that  the 
variance-covariance  matrix,  C,  can  be  decomposed  as 

C»l0iTi.  (II-l) 

1 


where  Tj  are  known  matrices,  6|  are  variance^ovariance  components  to  be  estimated. 
Applying  the  MINQE  principle,  the  6  =  (6|,  02 . 0^)^  can  be  estimated  from 


0  =  S'l  q. 


(n.2) 


where  the  (ij)th  element  of  matrix  S  is  . 

Sij=tr{RTiRTj},  (n.3a) 

and  the  ith  component  of  vector  q  is 

qj^/^RTiR/,  (IL3b) 

and 

R  =  C**[I  -  A(A'r  C  -1  A)*  A'T  C-1]  .  ai.3c) 

Since  C  is  unknown,  an  iterative  computation  procedure  has  to  be  conducted.  Let 
0i^°\  Vi  be  the  a  priori  value  of  0j,  then  C  in  the  above  formulae  is  replaced  by 


C(0i)=  I0i«»Tj  . 
1 


From  eqn.  (11.'^),  0  is  estimated  and  used  as  a  priori  values  in  the  second  iteration.  If  the 
process  continues  and  the  solution  for  0  converges,  the  final  estimation  of  0  is 
independent  of  the  selection  of  a  priori  values  0j^°\  Vi.  This  technique  is  called  the 
iterated  MINQE.  For  a  detailed  theoretical  discussion  and  application,  readers  are  referred 
to  Chen  [1983]  and  Chen  and  Chrzanowski  [1985]. 
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Preface 


The  research  work  upon  which  this  document  is  based  was  made  possible  by  a 
research  grant  from  the  Research  Management  Division,  Aiberu  Environment  to  Dr.  W.F. 
Teskey,  P,Eng.,  Department  of  Surveying  Engineering,  The  University  of  Calgary. 

Users  of  this  document  will  be  the  Survey  Branch  and  Dam  Safety  Branch  of 
Alberta  Environment.  It  is  also  anticipated  that  this  document  will  be  used  by  private 
survey  firms  contracted  by  Alberta  Environment  to  carry  out  specific  deformation  survey 
projects.  Use  of  this  document  will  ensure  a  uniform  high  quality  of  results  for 
deformation  survey  projects  regardless  of  whether  Alberta  Environment  or  a  private  survey 
firm  performs  the  work. 

The  standards  and  speciEcations  presented  in  this  document  cover  deformation 
surveys  carried  out  by  conventional  survey  methods,  photogrammetric  survey  methods 
and  GPS  (Global  Positioning  System)  survey  methods.  Since  it  is  possible  that  two  or 
even  three  of  these  methods  nught  be  used  together  on  a  particular  project,  the  standards 
are  based  upon  the  magnitude  of  a  detectable  single  point  movement  and  thus  are 
independent  of  the  method  applied.  For  the  same  reason,  the  specifications  sections  are 
subdivided  primarily  according  to  the  procedures  required  to  complete  a  deformation 
survey  project  rather  than  according  to  the  survey  method. 

The  specifications  for  deformation  surveys  carried  out  by  conventional  survey 
methods  are  based  upon  the  author' s  experience  in  a  number  of  deformation  survey 
research  projects.  The  specifications  for  deformation  surveys  carried  out  by 
photogrammetric  survey  methods  are  adapted  fiom  the  following  references: 

Brown,  D.  C.  (1984).  Tools  of  the  Trade",  from  'Qose-Range  Photogrammetry  and 
Surveying:  State  of  the  An’,  Proceedings  of  a  workshop  held  as  pan  of  the 
American  Society  of  Photogrammetry  and  the  American  Congress  on  Surveying 
and  Mtqiping  1984  Fall  Convention,  September  9-14,  San  Antonio,  Texas,  pages 


Chapman,  M.  A.  (1986).  "Photogrammetric  Deformation  Measurements”,  from 
’Deformation  Measurements  Workshop’,  Proceedings  of  the  Second  Workshop 
on  Modem  Methodology  in  Precise  Engineering  and  Defnmation  Surveys  (PEDS 
II).  October  31  and  November  1,  Massachusetts  Institute  of  Technology, 
Cambridge,  Massachusetts,  pages  66-95. 

The  specifications  for  deformation  surveys  carried  out  by  GPS  survey  merhods  are 


from  the  following  references: 


Hothem,  L.  D.  (1985).  "Proposed  Revisions  to  Geodetic  Survey  Standards  and 
Preliniinary  Specificadons  for  Geodetic  Surveys  Using  Relative  Posititming  GPS 
Techniques",  National  Geodetic  Survey,  Rockville.  Midland,  20  inges. 

Rapatz,  P.  J.  V.,  Craymer.  M.,  Kleusberg,  A.,  Langley.  R.  B.,  Quek,  S.  H.. 
Tranquilla,  J.  and  Wells,  D.  (1987).  "Procedures  a^  Specifications  for  Urban 
GPS  Surveys".  Technical  Report  Number  131,  Department  of  Surveying 
Engineering.  University  of  New  Brunswick,  Fredericton,  New  Brunswick.  36 
pages. 

Wells.  D.,  Beck,  N.,  Delikaraoglou.  D.,  Kleusberg,  A.,  Krakiwsky,  E.  J., 
Lachapelle,  G..  Langley,  R.  B..  Naldboglu.  M.,  Schwarz,  K.-P..  Tranquilla,  J. 
and  Vanicek,  P.  (1986).  "Guide  to  GPS  Positioning".  Canadian  GPS  Associates, 
Frederiaon.  New  Brunswick,  approximately  300  pages. 

In  describing  localization  of  deformations  in  the  "Analysis  of  Data"  section  reference  is 

made  to: 

Teskey.  W.  F.  (1988).  "Integrated  Analysis  of  Geodetic.  GeotechnicaL  and  Physical 
Model  Data  to  Descxibe  the  Actual  Deformation  Behavior  t^EartfafiU  Dams  Under 
Stadc  Loading",  Dr.>Ing.  Thesis.  Institute  for  Application  of  Geodesy  to  Qvil 
Engineering,  Stutq;an  Univeraty,  Stuttgart;  published  as  a  technical  repon  by  the 
Department  of  Surveying  Engineering.  The  University  of  Calgary,  Calgary, 
ap^ximately  ISO  pages. 

The  standards  and  specifications  are  currently  restricted  to  die  determination  of 
deformations  by  the  use  of  multiply>observed  deformation  survey  networks.  Other 
methods  of  determining  deformations  are  not  discussed  in  this  documem.  These  methods 
include; 

(a)  the  direct  measurement  of  deformation  parameten  (e.g.  tilt,  strain,  stress  and  so  on); 

(b)  the  real  time  processing  of  continuousiy  recorded  deformation  data; 

(c)  the  structural  finite  eleniem  method;  and, 

(d)  the  integrated  analysu  oefoimation  measurements  (the  structural  finite  element 

method  rigorously  combined  widi  actual  deformation  measurements). 

The  transmission  of  data  from  remote  sites  through  the  use  of  telemetry  is  also  not 
discussed  in  this  documenL 
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1.  Definition  of  Standards  and  Specifications 

1.1  Standards  (definition):  the  minimum  levels  of  quality  required  to  meet 
specific  objectives.  The  quality  standards  for  deformation  surveys  are  the 
magnitudes  of  detectable  single  pmnt  movements  with  respect  to  a  stable 
computational  base  (datum)  in  a  deformation  survey  network. 

1.2  Specifications  (definition):  the  deformation  survey  network  design, 
monumentation,  targetting,  instrumentation,  equipment  adjustment, 
instrument  calibration  and  adjustment,  observational  procedures, 
preprocessing  of  data,  and  analysis  of  data  necessary  to  meet  the  required 
deformation  survey  standard,  as  well  as  the  presentation  of  results  to 
document  a  deformation  survey  project. 

2.  The  Standards 

The  first  and  second  order  standards  for  deformation  surveys,  based 
on  the  magnitude  of  detectable  single  point  movements,  are  given  on  the 
following  page. 


3 


3.  The  Specifications 

In  the  specifications,  reference  is  made  to  (x,y,z)  coordinates  in  a 
local  system.  The  z-coordinate  is  to  be  interpreted  as  the  height  component 
which  will  be: 

(a)  the  local  orthometric  height  if  conventional  survey  observations  only, 
or  conventional  survey  observations  plus  photogrammetric  survey 
observations,  are  used; 

(b) the  local  Euclidean  height  if  photogrammetric  survey  observations  only 
are  used;  and, 

(c)  the  local  ellipsoidal  height  if  GPS  survey  observations  only,  or  GPS 
survey  observations  plus  conventional  survey  observations  and/or 
photogrammetric  survey  obser^tions,  are  used. 

3.1  First  Order  Specifications 

3.1.1  Deformation  Network  Design 

Deformation  network  design  is  used  to  determine  network  configuration, 
observations  and  instrumentation  required  to  attain  the  first  eider  or  second  order  standard, 
assuming  that  all  other  specifications  applying  to  the  actual  deformation  survey  are 
followed. 

It  is  possible  to  carry  out  deformadon  netwodc  design  in  a  completely  rigorous 
manner  just  as  ordinary  network  design  can  be  carried  out  by  using  the  preanalysis  opdon 
which  is  available  in  most  network  adjustment  computer  program  systems.  (Deformadon 
network  design  can  be  carried  out  by  a  "sensitivity  analysis”  in  which  prechosen 
movements  are  tested  to  determine  if  they  arc  detectable.)  No  existing  computer  program 
systems,  however,  have  the  capability  to  perform  deformation  network  design.  In  the 
absence  of  such  computer  program  systems,  the  following  empirical  method,  based  on 
results  from  about  ten  deformation  survey  projects  in  which  the  same  or  similar  network 
observations  were  made  in  each  epoch  of  time,  shall  be  used: 

DSPM  -  V2  *  PPP 
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with  DSPM  the  detectable  jingle  fioint  Movement;  and, 

PPP  the  Brecision  of  the  Ecmt  fosition. 

The  PPP  is  determined  as  follows: 

definidon  oi  precision  of 

point  position  poini  posiaon 

lD(z) 

:  2D  (x.y)  V  +  s^2) 

3D  (x,y,z)  V  +  Sy-  +  S^h 

with  Sjj,  Sy  and  the  estimated  precisions,  at  the  95%  confidence  level,  of  the  x,  y  and  z 

coordinates  respectively.  A  network  is  generally  less  senadve  to  a  single  point  movement 
of  a  given  magnitude  than  it  is  to  the  same  magnitude  of  nx>vement  for  a  group  of  points, 
thus  the  magnitude  of  a  detectable  single  point  movement  has  been  used  to  define  the 
criteria  for  first  and  second  order  deformatiao  surveys. 

It  should  be  noted  that  ordinary  network  design  as  well  as  defonnadon  netwoik 
design  is  not  nearly  so  critical  for  networks  observed  by  photogrammetric  methods  or  GPS 
satellite  methods,  as  it  is  for  netwtnks  observed  by  convendonal  survey  methods.  The 
reason  for  this  is  that  in  networks  observed  by  photogrammetric  or  GPS  satellite  methods 
there  are  usually  a  large  number  of  redundant  observadons  covering  the  entire  network. 
The  result  is  that  network  precision,  reliability  and  detectability  of  movements  are 
reasonably  homogeneous  diroughout  the  network.  By  contrast,  in  networks  observed  by 
conventional  survey  methods  there  can  be  "weak"  areas  with  respect  to  precision, 
reliability  and  detectability  of  movetnents.  However,  because  defonnadon  network  design, 
even  by  the  empirical  method  just  described,  will  produce  valid  results  for  design  purposes 
for  a  defonnadon  network  observed  by  any  method  cr  any  ctHnbinadon  of  methods,  the 
eo^irical  method  shall  be  qiplied  in  all  cases. 

3.1.2  Monumentation 

3. 1.2.1  Monument  (definititm);  any  structure  or  device  which  serves  to  precisely  define 
the  posidon  of  a  point  in  a  defonnadon  survey  network.  In  order  to  accurately  represent 
possible  movements  a  monument  must  be  stable  with  respect  to  the  itrunediately 


surrounding  area. 


3. 1.2.2  Monumented  points  are  classified  as  follows: 

(a)  reference  points,  which  are  points  that  are  located  off  the  defonning  structure,  and  are 
generally  "occupied”;  and, 

(b)  object  points,  which  are  points  that  are  located  on  the  deforming  structure,  and  are 
often  unoccupied. 

In  the  following  sections,  the  reference  and  object  points  which  are  described  are  to 
be  used  for  both  levelling  observations  and  horizontal  observatitHis  in  order  to  eliminate  the 
need  for  special  types  of  monumentation  suitable  for  only  one  of  these  types  of 
observations.  For  this  reason,  deep  bench  marks,  which  are  suitable  as  reference  points  for 
levelling  observations  only,  are  not  included. 

The  reference  and  object  points  described,  if  properly  installed,  can  be  expected  to 
have  a  long  term  stability  of  less  than  0.5  mm  both  horizontally  and  vertically. 

3.12.3  Reference  points  in  earth  shall  be  founded  at  a  depth  equal  to  at  least  twice  the 
depth  of  frost  penetration  in  the  area.  (In  Alberta  a  3  metre  depth  will  be  sadsfactory  in 
most  cases.)  These  reference  points  may  be  either  a  steel  pipe  pile  (see  Figure  1)  or  a 
cast-in-place  reinforced  concrete  pile  (see  Figure  2)  installed  as  described  below. 

(a)  A  steel  pipe  pile  (nominal  diameter  20  cm,  wall  thickness  not  less  than  that  for 
standard  weight  pipe)  is  installed  by  driving  it  to  "refusal".  If  refusal  occurs  at  a  depth 
of  less  than  twice  the  depth  of  frost  penetration  in  the  area,  the  pile  shall  be  removed 
and  another  installation  attempted  at  a  different  location;  or,  alternately,  a  reinforced 
concrete  pile  may  be  installed  instead.  Steel  pipe  piles  placed  in  oversized  predrilled 
holes  and  backfilled  shall  not  be  used  as  reference  points. 

(b)  A  cast-in-place  reinforced  concrete  pile  (nominal  diameter  20  cm)  is  installed  by  first 
drilling  a  hole  to  the  required  depth,  Le.  at  least  twice  the  depth  of  frost  penetration  in 
the  area.  A  "cage"  of  longitudinal  steel  reinforcing  bars  (ratio  of  cross-sectional  area  of 
steel  to  concrete  not  less  than  0.02)  and  nominal  circular  steel  reinforcing  bars  is  then 
placed  in  the  hole,  followed  by  placement  and  compaction  of  concrete  having  a  28-day 
compressive  strength  of  not  less  than  IS  megaPascals.  Precast  reinforced  concrete 
piles  driven  into  predrilled  holes  or  placed  in  oversized  predrilled  holes  and  backfilled 
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Figure  1 
Steel  Pipe  Pile 
Reference  Point 


•  stainless  steel  bolt 
■|-  inch  diameter  IINC 


stainless  steel  plate 
nominal  thickness  2cm 


•  steel  pipe 

nominal  diameter  20cm; 
wall  thickness  not  less 
than  that  for 
standard  weight  pipe 


Notes 

1.  Pile  driven  to  '' refusal". 

2.  Pile  shall  not  be  installed 
in  a  predrilled  hole. 
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Figure  2 

Reinforced  Concrete  Pile 
Reference  Point 


area  of  longitudinal  steel 
to  the  crosS'Sectional  area 
of  the  pile  is  not  less 
than  0.02. 

3.  Concrete  shall  have  a  28*day 
compressive  strength  of  not 
less  than  15  megaPascals. 

4.  Precast  piles  installed  in 
predrilled  holes  shall  not 
be  used. 
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shall  not  be  used  as  reference  points. 

It  is  preferable,  especially  if  typical  lengths  of  lines  of  observation  are  less  than  1 
kilometre,  that  a  reference  point  extend  above  ground  level  to  a  convenient  height  (about 
1.5  m)  so  that  equipment  can  be  force  centered.  For  either  a  steel  pipe  pile  reference  point 
extending  above  ground  level  or  a  cast-in-place  reinforced  concrete  pile  reference  point 
extending  above  ground  level,  a  stainless  steel  plate  not  less  than  2  cm  diick  is  cast  into  the 
top  of  the  pile  using  a  minimum  of  four  steel  reinforcing  bar  anchors  welded  to  the 
underside  of  the  plate.  In  the  centre  of  the  plate  a  short  5/8  inch  diameter  1  INC  stainless 
steel  bolt,  on  which  the  survey  equipment  is  force  centered,  is  drilled  through  and  welded 
to  the  plate. 

For  reference  points  extending  above  ground  level,  that  ponion  of  each  steel  or 
concrete  pile  above  ground  level  shall  be  insulated  with  a  cylindrical  sleeve  of  insulation 
material,  having  an  R  value  of  not  less  than  10,  for  the  entire  period  of  time  during  which 
survey  observations  are  made.  The  insulation  material  can  be  permanently  installed  or  a 
number  of  portable  insulating  sleeves  of  the  same  size  can  be  used.  The  purpose  of  the 
insulation  material  is  to  eliminate  temperature  induced  pile  movements  caused  by  solar 
radiation. 

For  either  a  steel  pipe  pile  reference  point  terminating  at  or  slightly  below  ground 
level  or  a  cast-in-place  reinforced  concrete  pile  reference  point  terminating  at  or  slightly 
below  ground  level,  a  stainless  steel  tablet  and  stub  is  secured  to  the  hardened  concrete  as 
described  in  section  3. 1.2.4.  The  stainless  steel  tablet  shall  have  a  convex  surface  (for 
levelling  observations)  and  an  etched  cross  (for  horizontal  observations)  at  the  highest 
point  of  the  convex  surface. 

For  reference  points  terminating  at  or  slightly  below  ground  level,  consideration 
should  be  given  to  protecting  the  reference  point  with  a  cylindrical  rim  and  cover.  When 
not  in  use,  the  cover  is  buried  with  a  few  centimeters  of  earth  in  order  to  eliminate 
vandalism.  When  the  reference  point  is  to  be  used,  it  can  easily  be  located  with  a  metal 
detector. 

If  it  is  possible  to  plan  a  defocmation  survey  project  well  in  advance  of  the  time  first 
epoch  observations  are  required,  reference  points  shall  be  installed  in  a  given  year  and  not 
used  until  the  following  year.  If  such  advance  planning  is  not  possible,  reference  points 
shall  not  be  used  for  at  least  one  month  after  installation  in  order  to  minimiTff  the  effects  of 
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pile  rebound  (applicable  to  both  steel  and  concrete  piles)  and  pile  shrinkage  (applicable  to 
only  concrete  piles). 

3. 1.2.4  Reference  points  in  rock  or  concrete  shall  consist  of  a  stainless  steel  tablet  (as 
described  in  section  3. 1.2.3)  with  a  steel  reinforcing  bar  stub  of  suitable  length  welded  to 
the  underside.  A  carbide  bit  shall  be  used  to  drill  a  hole,  approximately  50%  larger  than  the 
stub,  in  sound  rock  or  concrete,  and  the  stub  with  attached  tablet  shall  be  secured  to  the 
rock  or  concrete  using  epoxy  adhesive  to  completely  fill  the  void  between  the  stub  and  the 
rock  or  concrete. 

3. 1.2.5  Object  points  in  earth  shall  consist  of  a  nominal  3  metre  length  of  square  steel 
HSS  (hollow  structural  secdon)  with  a  nominal  side  length  of  5  cm  and  a  wall  thickness 
not  less  than  that  for  standard  weight  square  steel  HSS.  (See  Figure  3.)  The  base  of  the 
HSS  is  sharpened  by  cutting  it  at  a  45^  angle.  Welded  approximately  15  cm  from  the  base 
of  the  pipe  is  one  length  of  10  mm  thick  20  cm  diameter  circular  helix  with  a  pitch  of  7  cm. 
Welded  to  the  top  of  the  pipe  is  a  steel  plate  not  less  than  5  mm  thick.  In  the  centre  of  the 
plate  a  short  5/8  inch  diameter  1  INC  steel  bolt,  on  which  survey  equipment  is  force 
centered,  is  drilled  through  and  welded  to  the  plate.  The  HSS  object  point  is  drilled  into  the 
ground  with  the  use  of  a  power  unit  Consideradon  should  be  given  to  protecdng  the 
threads  of  the  bolt  with  a  cap  during  the  dme  survey  equipment  is  not  attached  to  the  bolt 

3. 1.2.6  Object  points  in  rock  or  concrete  may  be  either  a  steel  bolt,  on  which  survey 
equipment  is  force  centered;  or  a  steel  insert,  into  which  survey  equipment  is  force 
centered.  The  installadon  of  these  two  types  of  object  points  is  described  below. 

(a)  A  steel  bolt  to  be  used  as  an  object  point  shall  be  drilled  through  and  welded  to  a  5  cm 
diameter,  1  cm  thick  steel  plate.  A  steel  reinforcing  bar  stub  of  suitable  length  shall  be 
welded  to  the  head  of  the  bolt  A  carinde  bit  shall  be  used  to  drill  a  hole,  approximately 
50%  larger  than  the  stub,  in  sound  rock  or  concrete,  and  the  stub  with  attached  bolt 
and  plate  shall  be  secured  to  the  rock  or  concrete  using  epoxy  adhesive  to  completely 
fill  the  void  between  the  stub  and  the  rock  or  concrete.  Consideration  should  be  given 
to  protecting  the  threads  of  the  bolt  with  a  protective  cap  during  the  time  survey 
equipment  is  not  attached  to  the  bolt 
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Figure  3 

HSS  with  Helix  Base 
Object  Point 


20cin  circular  helix 
Icm  thick 


3in4- 


7cin 
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(b)  Steel  inserts  designed  for  installation  in  rock  or  concrete  are  off-the-shelf  items. 
Several  proprietory  designs  arc  available  but  the  basic  features  of  steel  inserts  and  the 
method  of  installation  are  similar  regardless  of  the  pardcular  design.  To  install  a  steel 
insert  in  rock  or  concrete,  a  hole,  just  slightly  larger  than  the  insert,  is  first  drilled  into 
the  rock  or  concrete  using  a  carbide  bit.  The  hole  is  cleaned,  and  the  insert  is  inserted 
into  the  hole.  To  permanendy  secure  the  insert  in  the  hole,  a  lead  plug  is  driven  into  the 
base  of  the  insert.  Because  the  bottom  portion  of  the  insert  is  slotted  in  a  longitudinal 
direction,  this  action  forces  the  insert  against  the  wall  of  the  hole,  permanently 
securing  it.  Steel  inserts  installed  with  a  horizontal  orientation  shall  have  a  nominal 
of  not  less  than  1/2"  (12.7  mm)  in  order  to  bear  the  downward  force  of  a 
levelling  rod  supported  at  the  end  of  a  stainless  steel  "plug"  (see  section  3. 1.3.6). 
Steel  inserts  installed  with  a  vertical  orientation  may  be  of  any  convenient  size  larger 
than  1/4"  (6.35  mm)  nominal  diariMter.  (consideration  should  be  given  to  protecting 
the  threads  of  the  insert  widi  a  bolt  during  the  time  survey  equipment  is  not  attached  to 
the  insert. 

3.1. 2.7  Object  points  on  steel,  masonry  or  other  man-made  materials  shall  be  designed 
such  that  they  are  permanently  affixed.  For  ob  jea  points  on  steel  members  a  short  steel 
bolt  welded  to  the  steel  member  might  be  suitable.  For  masonry  or  other  man-made 
materials,  a  steel  bolt,  plate  and  rebar  stub,  or  a  steel  insert  (see  section  3. 1.2.6)  might  be 
suitable. 

3. 1.2.8  An  identifier  (numeric  or  alphanumeric)  shall  be  stamped  in  steel  at  a  suitable 
location  on  all  reference  and  object  points.  A  permanent  record  shall  be  kept  of  the 
identifier,  description,  location  and  condition  of  each  reference  and  monitoring  point. 

3.1.3  Targetting 

3. 1.3.1  Target  (definition):  any  de^ce  with  a  well-defined  aiming  point  which  is  placed 
vertically  over,  or  attached  to,  a  monument  for  purposes  of  making  measurements  to  the 
point  when  the  deformation  survey  network  is  observed.  Usually  the  device  is  installed 
only  for  the  period  of  time  required  to  make  the  survey  measurements.  In  some  cases  the 


monumem  itself  may  be  a  suitable  tar^jCL 


3.1.3  Targets  for  angular  measurements  (horizontal,  vertical  or  both)  shall  be: 

(a)  standard  force  centered  target  sets  designed  for  T  theodolites; 

(b)  standard  force  centered  target  set>prism  combinations  used  with  a  particular  total 
stadon  (theodolite  and  electrooptical  distance  measurement  instrument); 

(c)  the  centres  of  force  centered  prisms  to  which  electrooptical  distance  measurements  are 
made;  Or. 

(d)  the  monuments  themselves. 

Target  set-prism  combinations  not  matched  to  a  particular  total  station  system  shall  not  be 
used.  In  addition,  target  set-prism  combinations  for  total  station  systems  which  are 
non-coaxial  (the  same  optics  are  not  used  for  angular  and  distance  observations)  shall  be 
tilting  target  set-prism  combinations  so  diat  the  target  set  and  prism  can  be  tilted  together  to 
allow  perpendicular  alignment  to  the  line  of  observation  (see  section  3.1.7.5). 

3.1.3.3  Targets  for  taped  distance  measurements  shall  be  the  monuments  themselves. 

3. 1.3.4  Targets  for  subtense  bar  distance  measurements  shall  be  the  targets  permanently 
affixed  to  the  ends  of  standard  subtence  bars. 

3.1.3.5  Targets  for  distances  measured  with  EDM  (electronic  distance  measurement) 
systems  shall  be  the  prisms  included  with  the  ^stem.  Prisms  not  matched  to  a  particular 
EDM  system  shall  not  be  used. 

3.1.3.6  Targets  for  spirit  levelled  height  difference  measurements  shall  be  the  monuments 
themselves  or,  in  the  case  of  steel  inserts  installed  with  a  horizontal  rather  than  a  vertical 
orientation,  the  target  shall  be  a  stainless  steel  "plug"  about  IS  cm  long  (or  longer  if 
obstructions  might  be  encountered)  which  is  threaded  into  the  steel  insert  at  the  time  the 
measurement  is  made.  The  sainle.ss  steel  plug  shall  consist  of  a  round  bar  threaded  at  one 
end.  At  the  opposite  end  shall  be  a  ^here  of  slightly  larger  diameter  than  the  tod.  Hie  plug 
shall  be  machined  in  a  lathe  fiom  one  piece  oi  stainless  steel  bar.  If  mote  than  one  "plug"  is 
to  be  used  on  a  given  project,  all  "plugs"  shall  be  machined  to  exactly  the  same  size.  A  hole 
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shall  be  drilled  through  the  bar  near  the  sphere  so  that  a  small  screwdriver  can  be  used  to 
tighten  the  "plug"  into  the  insert. 

3. 1 .3.7  Targets  for  photogrammetric  deformation  surveys  shall  preferably  consist  of  a 
white  dot  on  a  black  background.  The  diameter  of  the  white  dcK  shall  be  selected  to  yield  an 
average  diameter  of  images  of  about  60  microns.  The  diameter  of  the  black  background 
shall  be  approximately  five  times  the  diameter  of  the  white  dot 

Retrotargets  (targets  made  from  reflective  sheeting  such  as  "Scotchlite" 
manufactured  by  the  3M  Company)  may  also  be  used  in  conjunction  with  a  camera 
equipped  with  a  ring  strobe  to  illuminate  the  targets.  (Where  such  a  system  is  used,  the 
targets  will  appear  as  white  dots  on  the  photographic  media.  The  same  system  can  be  used 
in  full  sunlight  or  complete  darkness.) 

3. 1.3.8  Targets  for  GPS  (Global  Posidoning  System)  deformadon  surveys  shall  be  the 
monuments  themselves. 

3.1.4  Instrumentation 

3.1.4.1  Opdcal  theodolites  shall  have  a  telescope  magnificadon  of  SOX  or  greater,  a  plate 
level  with  a  sensidvity  of  20"/2mm  graduadon  or  better,  an  AVCC  (auiomadc  vertical  circle 
compensator),  and  a  coincident  micrometer  reading  direct  to  1"  or  less.  Electronic 
theodolites  shall  have  a  telescope  magniticadon  of  30X  or  greater,  a  plate  level  with  a 
sensidvity  of  20"y2mm  graduadon  or  better  together  with  an  AVCC,  or  a  dlt  sensor  or  tilt 
sensors  to  automadcally  compensate  for  instrument  dislevellment  together  with  a  circular 
level  or  plate  level  to  roughly  level  the  instrument,  and  a  circle  reading  system  accurate  to 
3"  or  less.  (An  electronic  theodolite  with  a  circle  reading  system  accurate  to  3"  or  less  is 
roughly  eouivalent,  in  terms  of  precision,  to  an  opdcal  theodolite  with  a  coincident 
micrometer  reading  direct  to  r  or  less.  Hereafter,  such  an  electronic  theodolite  will  be 
referred  to  as  a  nominal  1”  or  better  electronic  theodolite.) 

3.1.4.2  Steel  or  invar  tapes  may  be  used  to  measure  distances  up  to  10  metres. 
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3. 1.4.3  Tensioned  steel  upe,  invar  tape  or  invar  wire  measuring  units,  which  atuch 
directly  to  the  steel  bolt  or  steel  insen  of  object  survey  points,  if  available,  shall  be  used 
instead  of  steel  or  invar  tapes.  (The  maximum  range  of  these  devices  is  about  30  metres.) 

3. 1.4.4  Subtense  bars  may  be  used  to  measure  distances  up  to  30  metres. 

3. 1.4.5  All  distances  in  a  convendonal  survey  network  which  arc  to  be  measured  and  are 
longer  than  30  metres  shall  be  measured  with  infrared  or  laser  EDM  systems.  Distances  in 
the  range  of  10  metres  to  30  metres  may  be  measured  with  infrared  or  laser  EDM  systems. 
No  distance  less  than  10  metres  shall  be  measured  with  laser  or  infrared  EDM  systems. 
Microwave  EDM  systems  shall  not  be  used.  Barometers  shall  read  direct  to  2  mm  mercury 
or  less.  Thermometers  shall  read  direct  to  l^C  or  less.  It  shall  not  be  necessary  to  measure 
any  distances  with  multiple  wavelength  instruments  such  as  the  Tenameter. 

3. 1.4.6  Spirit  levelled  height  differences  shall  be  measured  with  the  standard  precise 
levelling  equipment:  automanc  level  with  telescope  magnification  of  40X  or  greater, 
compensator  having  a  sensitivity  equal  to  or  less  than  10'‘/2mm  level  vial  graduation, 
parallel  plate  micrometer  reading  direa  to  0.1  mm;  invar,  double  scale  rod  or  rods  with  a 
permanently  attached  circular  level  and  2  rod  supports  and  with  graduations  equal  to  the 
range  of  the  parallel  plate  micrometer;  portable  steel  turning  points.  The  'con:q)ensator  in  the 
automatic  level  shall  be  a  free  suspension  compensator  rather  than  a  mechanical 
compensator  in  order  to  minimtte  the  effea  of  electromagnedc  fields  (see  section  3. 1.7.6). 

3. 1.4.7  All  survey  equipment  mounted  on  tripods  shall  be  equipped  with  an  opdcal 
plummet  located  either  in  the  instrument  itself  or  in  a  detachable  tribrach. 

3. 1.4.8  Metal  tripods,  as  well  as  towers  omstructed  of  any  material,  shall  not  he  used. 

3. 1.4.9  Only  metric  cameras  shall  be  used  for  photogrammetric  deformadon  surveys.  (A 
metric  camera  is  a  camera  which  has  fiducial  marks  and  whose  interior  orientation 
parameters  (calibrated  focal  length,  locadon  of  the  calibrated  principal  point,  calibrated  lens 
distordon)  have  been  detennined  and  can  be  used  as  iqrpioximadons  in  bundle  adjustment 
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with  self -calibration.  (See  section  3. 1.8.1.)  A  metric  camera  also  has  some  device  through 
which  the  photographic  media  may  be  flattened  at  the  time  of  exposure.)  Usually  only  one 
metric  camera,  moved  from  exposure  station  to  exposure  sution,  is  used  in  a 
photogrammetric  deformation  survey  project  but  the  use  of  mcxt  than  one  metric  camera  is 
peimissible.  Hereafter,  however,  in  all  sections  relating  to  photogrammetric  deformation 
surveys,  it  will  be  assumed  that  only  one  metric  camera  will  be  used  in  a  paiticular  epoch 
of  deformauon  survey  measurements. 

3.1.4.10  The  device  used  to  measure  image  coordinates  (monocomparator, 
stereocomparator  or  analydcal  stereocompiler)  for  a  particular  epoch  of  deformation  survey 
measurements  shall  read  directly  to  1  micron  or  better. 

3.1.4.11  GPS  receivers  (each  of  which  consist  of  an  antenna,  a  signal  receiver,  a 
processor  and  a  recording  unit)  shall  be  capable  of  measuring  the  phase  of  at  least  one  of 
the  two  GPS  carrier  flequencies.  The  receivers  shall  be  ciq>able  of  tracking  at  least  four 
satellites  simultaneously.  The  minimum  data  sampling  rate  shall  be  one  sample  per  minima 
The  receivers  shall  be  capable  of  displaying  an  indicadon  of  proper  operation  and  data 
quality.  At  least  one  receiver  shall  be  capable  of  accepting  iciput  firom  an  external  tiequency 
standard.  Different  receiver  types  shall  not  be  used  together  in  a  given  epoch  of 
deformation  survey  measurements. 

All  antennae  shall  have  the  position  of  the  best  fit  centre  of  phase  variation  clearly 
marked  on  the  antennae  housing.  Separate  marks  shall  be  indicated  for  each  operating 
frequency.  The  positions  of  the  best  fit  centre  of  phase  variation  marics  shall  be  certified  by 
the  manufacturer  as  being  coirea  to  1mm.  (Note  that  for  most  antennae  this  will  require 
that  the  antennae  be  oriented  ccnrectly  in  aamuth;  see  section  3. 1.7.9.)  The  certification 
shall  be  repeated  and  the  marks  altered,  if  necessary,  whenever  an  antenna  is  repaired  or 
modified.  Different  antenna  types  shall  not  be  used  together  in  a  given  epoch  of 
deformation  survey  measurements. 

GPS  data  is  generally  recorded  on  digital  cassette  tapes  or  floppy  disks.  (If  any  other 
type  of  recording  media  is  to  be  used,  it  shaU  be  tested  before  proceeding  to  the  field.)  A 
new  cassette  t^te  or  disk  shall  be  used  for  each  session.  In  cases  in  which  the  recycling  of 
recording  media  is  necessary,  care  shall  be  taken  to  ensure  that  all  the  rectmled  data  has 


been  extracted  from  the  tapes,  checked  and  archived. 

Data  recorders  shall  be  capable  of  lecording,  for  each  data  sample,  the  phase  of  the 
GPS  carrier  frequency,  the  receiver  clock  time  and  the  signal  strength. 

3.1^  Equipment  Adjustment 

3. 1.5.1  Very  few  adjustments  are  possible  in  T  or  bener  qitical  theodolites  or  nominal  1“ 
or  better  electronic  theodolites.  In  addition,  all  systematic  errors  due  to  theodolite 
maladjustment  or  defects  in  theodolite  consmicdon,  with  the  excepdon  of  optical  plummet 
maladjustment,  are  eliminated  or  rendered  insignificant  by  proper  instrument  setup  and 
observational  procedures.  To  reduce  optical  plummet  maladjustment  to  an  insignificant 
level,  optical  plummets  shall  be  checked  and  adjusted,  if  necessary,  each  time  an  epoch  of 
deformation  survey  network  observations  is  tq  be  made.  If  the  optical  plummet  is  located 
in  the  instrument  alidade,  the  optical  plummet  shall  be  checked  by  first  mounting  the 
instrument  on  a  tripod  and  accurately  levelling  it  (see  section  3.1.7),  then  rotating  the 
instrument  through  180^  about  its  vertical  axis.  A  deviation  of  the  position  of  the  optical 
axis  of  the  plummet,  as  shown  by  two  marks  made  on  a  piece  of  paper  fixed  to  the  ground 
or  floor,  indicates  maladjustmenL  If  maladjusted,  die  adjustment  shall  be  corrected  to  the 
midpoint  position  between  the  two  marks  by  adjusting  screws  on  either  the  objective  or 
reticule  of  the  optical  plummeL  If  the  optical  plummet  is  located  in  the  tribrach,  it  shall  be 
checked  by  clamping  the  theodolite  horizontally  on  a  table  such  that  the  tribrach  is  free  to 
rotate.  The  tribrach  is  then  rotated  through  180^,  and  any  deviation  of  the  position  of  the 
optical  axis  of  the  plummet,  as  shown  by  two  marks  made  on  a  piece  of  paper  fixed  to  a 
wall  at  least  1.5  metres  away,  indicates  maladjustment  If  maladjusted,  the  adjustment  shall 
be  corrected  as  described  previously.  For  both  optical  plummets  located  in  the  instrument 
alidade  and  those  located  in  the  tribrach,  the  optical  plummets  may  also  be  checked  by 
using  auto-coUimation  with  a  dish  of  mercury.  In  this  method  the  instrument  is  fust 
mounted  on  a  tripod  and  accurately  levelled  over  a  dish  of  mercury.  Noncoincidence  of  the 
image  of  the  centre  of  the  plummet  objective  with  the  intersection  of  the  cross  hairs  on  the 
plummet  reticule  indicates  maladjustment  If  maladjusted,  the  adjustment  shall  be  correaed 
as  described  previously,  so  that  coincidence  is  obtained. 
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3. 1.5.2  No  adjustments  shall  be  made  in  steel  or  invar  tapes;  instead,  they  shall  be 
standardized  and  the  observed  distances  corrected  accordingly. 

3. 1.5.3  No  adjustments  shall  be  made  in  steel  tape,  invar  tape  or  invar  wire  measuring 
units;  instead,  instrumental  systematic  errors  shall  be  determined  by  calibration  and 
standardization  procedures  and  the  observed  distances  shall  be  aniected  for  the  systematic 
errors. 

3. 1.5.4  The  distance  between  the  targets  at  each  end  of  a  subtense  bar  shall  not  be 
adjusted;  instead,  this  distance  shall  be  determined  very  accurately  by  a  standardization 
procedure. 

The  longitudinal  axis  of  a  subtence  bar  is  set  perpendicular  to  the  line  between  the 
observing  theodolite  and  the  centre  of  the  subtence  bar  by  an  optical  sight  This  optical 
sight  is  located  at  or  near  the  centre  of  the  subtence  bar;  its  optical  axis  is  meant  to  be 
perpendicular  to  the  longitudinal  axis  of  the  subtence  bar.  This  condidon  shall  be  checked 
and.  if  necessary,  the  optical  axis  of  the  sight  shall  be  adjusted  each  time  an  epoch  of 
deformation  survey  network  observations  is  to  be  made.  The  check  shall  be  made  against  a 
90°  angle  set  out  with  a  1"  theodolite.  The  90°  angle  shall  be  marked  by  three  points  and 
the  two  legs  of  the  angle  shall  be  at  least  30  metres  long. 

3. 1.5.5  No  adjustments  shall  be  made  in  barometers,  thermometers  and  EDMI' s 
(electronic  distance  measuring  instruments);  instead,  instrumental  systematic  errors  shall  be 
determined  by  calibration  and  standardization  procedures  and  the  observed  pressures, 
temperatures  and  distances,  respectively,  shall  be  corrected  for  these  systematic  errors. 

In  a  total  station  instrument  (an  EDMI  combined  with  a  theodolite)  the  optical  axes  of 
the  EDMI  and  the  theodolite  shall  be  aligned  parallel  to  one  another  so  that  separate 
pointings  are  not  required  for  angular  and  distance  measurements.  This  shall  be 
accomplished  by  accurately  pointing  the  total  station  instrument  to  its  matched  target 
set-prism  combination  using  the  theodolite,  and  adjusting  the  tnedianical  device  connecting 
the  theodolite  and  EDMI  so  that  the  maximum  return  agnal  is  received  by  the  EDML 

3. 1.5.6  All  systematic  errors  associated  with  spirit  levelled  height  difference 
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measurements,  with  the  exception  of  maladjustment  of  the  circular  levels  used  to  set  the 
levelling  rods  venical.  can  be  rendered  insignificant  by  proper  instrument  setup  and 
observational  procedures.  To  reduce  the  maladjustment  of  the  levelling  rods'  circular  levels 
to  an  insignificant  amount,  the  circular  levels  shall  be  checked  and  adjusted,  if  necessary, 
each  time  an  epoch  of  deformation  network  observations  is  to  be  made.  The  check  shall  be 
made  in  two  orthogonal  directions,  one  facing  the  scale  of  the  levelling  rod  and  the  other  at 
right  angles  to  the  first  direction,  using  the  string  attached  to  a  plumb  bob  to  define  the 
plumbline.  If  a  circular  level  is  maladjusted,  the  adjustment  shall  be  corrected  by  adjusting 
the  screws  fixing  the  circular  level  to  the  levelling  rod  such  that  the  rod  is  vertical  in  two 
orthogonal  directions  when  the  circular  level  is  centered. 

3. 1.5.7  The  only  adjustment  which  shall  be  made  in  iribrachs  is  the  adjustment  of  the 
optical  plummet,  if  the  tribrach  is  so  equipped.  This  adjustment  is  described  in  section 
3.1,5,l. 

3. 1.5.8  The  metric  camera  used  for  a  particular  epoch  of  deformation  survey 
measurements  shall  not  be  adjusted. 

3. 1.5 .9  The  device  used  to  measure  image  coordinates  (monocomparator, 
stereocomparator  or  analytical  stereocompiler)  for  a  particular  epoch  of  deformation  survey 
measurements  shall  not  be  adjusted. 

3.1.5.10  The  GPS  receivers  used  for  a  particular  epoch  of  deformation  survey 
measurements  shall  not  be  adjusted. 

3.1.6  Instrument  Calibration  and  Standardization; 

GPS  Survey  Validation 

3. 1 .6. 1  C^ibradon  (definidon);  the  detenninadon  of  instrumental  constants. 
Standaidizadon  (derinidon);  the  determinadon  of  the  scale  of  an  instrument. 

Validadon  (definidon):  the  confirmadon,  by  comparison  of  three-dimensional  survey 
network  coordinate  differences  determined  by  convendonal  survey  methods  and  GPS 
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survey  methods,  that  GPS  receivers,  procedures  and  software  are  capable  of  meeting  first 
order  deformation  survey  standards. 

3. 1.6.2  No  calibration  or  standardization  is  required  in  1 "  or  better  optical  theodolites  or 
nommal  1"  or  better  electronic  theodolites. 

3. 1.6.3  Steel  or  invar  ttqies  shall  be  standardized  at  the  standardization  temperature 
(usually  20^C)  by  comparing  their  lengths  to  the  length  of  a  standard  tape  that  has  been 
standardized  by  the  National  Research  Council,  Ottawa,  or  by  some  other  agency  which, 
like  the  National  Research  Council,  has  an  interferometer  to  make  very  accurate  distance 
measurements  over  shon  distances  (O.l  ppm  (parts  per  million)  accuracy  over  distances  up 
to  100  metres),  and  will  issue  a  certificate  of  standardization.  The  standard  tape  shall  be 
kept  in  a  secure  location  at  normal  room  temperature  and  used  only  for  the  purpose  of 
standardizing  the  length  of  other  tapes  or  wires.  This  standardization  shall  be  carried  out 
each  time  an  epoch  of  defmmanon  survey  network  observations  is  to  be  made.  A 
permanent  record  shall  be  kept  of  die  aoual  length  of  each  steel  or  invar  tape  at  each  point 
in  time  at  which  it  was  standardized. 

3. 1.6.4  Steel  tape,  invar  tape  or  invar  wire  measuring  units  shall  be  calibrated  and 
standardized  at  the  standardization  temperature  (usually  20^C)  each  time  an  epoch  of 
deformation  survey  network  observations  are  to  be  made.  The  standardization  procedure 
shall  be  the  same  as  that  described  in  section  3.1.6.3,  i.c.  the  steel  tape,  invar  tape  or  invar 
wire  in  the  measuring  unit  shall  be  standardized  comparing  its  length  to  the  length  of  the 
standard  tape.  The  calibration  procedure,  which  can  be  conveniently  carried  out  in  a 
"calibration  frame"  designed  by  the  manifacturer  of  the  steel  tape,  invar  tape  or  invar  wire 
measuring  unit,  determines  the  additive  constant  of  the  instmment.  This  procedure  shall  be 
carried  out  at  the  same  time  as  the  standardization  procedure.  A  permanent  record  shall  be 
kept  of  the  additive  constant  and  standardization  error  of  each  steel  tape,  invar  tape  or  invar 
wire  measuring  unit  at  each  ptnnt  in  rimr.  at  which  it  was  caliteated  and  gtanriawtiyi-H 

3. 1.6.5  The  distance  between  the  targets  at  each  end  of  a  subtense  bar  shall  be 
standardized  by  the  National  Research  Council,  Ottawa,  or  by  some  other  agency  which. 
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like  the  Natioaal  Research  Council,  has  an  inierferomeier  to  make  very  accurate  distance 
measuremems  over  shon  disunces.  and  will  issue  a  certificate  of  standardization.  This 
standaidizatioo  procedure  shall  be  carried  out  once  every  two  years.  A  pertnaneni  record 
shall  be  kept  of  the  actual  distance  between  stdiienoe  bar  targets  at  each  pmni  in  dme  at 
which  u  was  standardized 

3. 1.6.6  Baronaeters  and  dwnnocnems  shall  be  calibrated  each  time  an  epoch  of 
defonnanon  survey  network  observaiioos  are  lo  be  made  ustos  an  EOMl.  (Standardization 
is  not  necessary  because  of  the  relatively  narrow  range  of  pressures  and  temperatures 
which  will  be  encountered  in  a  given  epoch  of  deibnnaiion  survey  network  observatioos 
using  an  EDMl.)  The  calibranoo  shall  consist  of  the  detenmnaboo  of  an  additive  constant 
for  each  barocaeief  and  thermometer.  The  adduivc  connam  for  a  fivea  baromeieT  shall  be 
the  difference  (» the  neafcst  00)  between  dK  barotnetcr  reading  and  the  reading  of  an 
adtiacem  inocury  beweaetp.  The  additive  constant  for  a  given  thennomeeer  shall  be  the 
difference  (10  the  ocarea  between  the  thcnnoetniaer  leadiag  and  the  reading  of  an 
adiiacnM  acieniiflc  ihennoeaeier  readi^  dimes,  and  oetdfied  oonect.  so  0. 1^  The  pressure 
and  tetnpeiatuw  at  wfuch  baroeaeiets  and  thomomeaen.  mapeedvdy.  are  calthnaed  shall 
he  approumately  the  lanw  as  the  presaore  and  vaapeaneedaBt  one  would  expoa  when  the 
epoch  of  defonnataon  survey  netwotk  obaervadons  are  10  be  made  using  an  EDML  A 
permanent  record  shall  be  kept  of  the  addtiive  and  the  intnperetuie  or  pressure  at 

which  it  was  dctenittacd.  (or  each  barotneaaT  and  dwimooicpr  at  each  point  in  tune  at 
which  It  was  cabbraaed. 

EDMl  s  shall  be  calihtaaad  and  sandardted  cKh  dne  an  epoch  of  deforasation 
survey  network  obaervadons  is  lobe  aande.  The  cnMhrerioa  of  an  EDMl  shall  todttde  the 
detenunadon  of  the  addidvc  conoani  and  *e  cyclic  etiw.  The  addidvc  oonsunt  shaU  be 
deterauned  tnm  distance  meeareeeaents  in  ail  oombiaadotts  on  a  baseline  of  5  to  8 
sauMMis.  The  meaimum  dissanct  ibnll  be  the  merimum  range  of  the  EDMl  to  one  prism 
under  fair  annoephcric  conibdons  The  ^  dp  teeeline  Mdoos  shall  be  tnaldpies  of 

the  imtt  kngih  (usually  lOmlaftfKEDMIinonkrioainireiaedKellecaorcycljcefm. 
The  adddvc  constant  shdl  be  conpuaBd  by  a  hast  squares  n^aaaeai  in  which: 

(•)  the  proper  geooeok  and  aeaaotoloficaJ  cnnecdons  are  made  to  the  dmance 
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(b)  the  duttflce  oteervanoos  are  vvet^hud  according  to  an  initial  esttmate  of  the  standard 
deviaaon  of  each  disttfice  as  givoi  in  section  3.1.9;  and, 

(c)  the  additive  constant  and  the  baseline  distances  between  successive  points  are  the 
unknowns. 


The  cyclic  error  of  an  EDMl  shall  be  doenmned  over  one  unit  length  (usually  10  tn) 
of  the  inurunneai  and  a  cyclic  error  dtagrain  shall  be  plooed  showing  the  cyclic  error 
correctian  versus  die  unit  length.  In  desermintng  the  cyclic  error,  the  imif  length  shall  be 
appnxaisiiaiely  100  m  from  die  msmanenL 

EDMl  s  ihnll  be  nandardiaed  by  aaettnring  the  actual  frequency  output  of  the 
inamtniem  over  the  lanfe  of  amhioM  mmperaiHes  in  which  the  EDMt  will  be  operadag  in 
the  field.  A  companion  of  the  actually  frequency  ouqiut  versus  the  nocninal  frequency 
omput  one  tooonqnue  the  — ***— ffror  **f  (be  insanuneot. 

For  each  EDMI  a  pcnuaneni  lecoed  shall  be  iDCpt  of. 

(a)  the  additive  corwMC 

(b)  the  cyclic  OTor  (over  a  unh  iangdkX  and. 

(c)  die  sawdartuabon  crier  (cner  a  nmge  of  ambieai  opcraong  lempcfanues) 

ai  each  pouM  in  tune  at  which  (he  pmticuiurEDhOwsacalibrMed  and  gandardtaed. 

3.1.6.7  The  coUitnaiion  error  of  awomaik  iavtb  shall  be  deaertnioed  by  a  Ptinoeaoo  Test 
each  tinie  an  epoch  of  dcformadon  survey  network  observatioos  is  to  be  made.  A 
pcrvoanent  record  thill  be  kept  of  fhe  ooOiflMdon  cnor  of  each  aiaonwtic  level  tt  each  point 
in  tune  at  which  tt  wni  cilibnuad  In  adtition  m  a  Princeton  Test  bemg  perfocmed  for  och 
epoch  of  defoniiaiioo  survey  network  obaorvations,  a  two-peg  »st  shall  be  performed 
daily.  An  *—***■**«•  level  which  lequiies  ftequcei  cocrectioo  of  the  collimaiioo  error  shall 

1101  DC  tnOO. 

An  avmage  ooumitt”  (dUfareuce  between  left  scale  reading  and  right  seek 
reaslHit)  shall  be  desemiiiinrt  for  each  pracise  leveUhif  rod  The  ted  coimam  thaU  be 
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deiermiaed  indoors  usinf  an  automaiic  level  located  ap{>roiuinaiely  S  m  from  the  rod.  A 
total  30  left  scak  and  right  scale  readtogs  shall  be  taken:  10  between  0  m  and  1  m,  10 
between  I  m  and  2  m.  and  10  between  2  m  and  3  m.  All  differences  shall  be  averaged  to 
detenoine  the  rod  constant  to  0.01  tnn.  The  detenmnatioo  of  the  rod  connani  shall  be 
carried  out  ohm  every  year.  A  permanent  itcoid  shall  be  kqx  of  the  tod  constant  each 
precise  leveling  rod  at  each  point  in  tiine  at  which  ti  was  deaermined 

Precise  levelling  rods  shall  be  sandardiied  by  the  National  Research  Council, 
Ottawa,  or  some  ocher  agency  which,  like  the  National  Research  Council,  has  an 
interferometer  to  make  very  accurate  dtstance  measurements  over  shon  distances,  and  will 
issue  a  ccrtirKaie  of  standardiianon  This  standardizaiioo  procedure  shall  be  carried  out 
ooce  every  two  years.  A  permanent  record  Shan  be  kept  of  the  naodardtrabon  error  of  each 
precise  leveling  rod  «  each  point  in  ome  at  which  B  was  standanhatad. 

3.1.6.I  The  metric  camm  used  for  a  parttcnln  epoch  of  deformatioo  survey 
mcaswamems  shall  only  be  cahbraied  by  a  qnahfkd  wrhiiiann.  The  calibratioo  shall  be 
performed  annually.  The  camera  shall  also  be  caltbraaed  anaiyiically  using  bundle 
a4h*SBKm  wtth  self<alibraiioo.  (See  seoion  3.11.1.) 

3. 1.6.9  The  devKc  used  to  measure  image  coordinates  (stereocomparator. 
mtwocomperaiororarialyricalimrBOcoByikr)faapmricalmcpochofdtefoBn>Donsttrvey 
measmements  shall  only  be  calibraied  by  a  quailed  technkaao  The  calihrabon  shall  be 
performed  annually. 

3.1.6. 10  Prior  to  any  OPS  surveys  being  carried  out.  a  GPS  survc7  validuion  (sec 
scetkm  3.I.6.I)  shall  be  performnd  on  at  lenst  four  survey  poims  which  tnchide  the 
BBiwnium  and  maximum  poim  yncingi  eapecmd  in  rite  ocfwortc.  The  locaiiotts  of  the 
sacioos  shall  be  such  that  bnae tines  can  be  measured  wtoch  arc  approaimately  at  right 
angles  id  mch  other,  (h  is  recommended  that  ria  survey  aerwork  used  for  rite  GPS  survey 
validation  be  the  reference  survey  network  (sec  section  3.111)  esiablUhed  for  the 
deformatioo  survey  project.)  The  vaUdaiioe  shall  be  considered  successful  if  all 
dtsciepancies  between  foordiiiaar  diffiaences  ilirrminttl  by  the  OPS  survey  and  the 
convemional  survey  are  less  than  2ppm  of  the  spatial  distance  betwtan  the  poinu  in 
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question.  (At  the  present  time  (March  1988)  this  level  of  accuracy  on  the  shon  lines 
typically  encountered  in  defonnabon  stweys  (lOOm  to  Skro)  is  difficult  to  attain,  ctqMcially 
for  the  height  component  (larger  random  error  due  to  satellite  geometry,  possible 
systematic  error  due  to  change  in  local  equipoieniial  surfacc'local  eUipscud  separation, 
uneenaincy  of  the  hxabon  of  the  centre  of  phase  variation.  diRictdty  of  measuring  height  of 
anterma);  however,  it  is  eapected  that  in  a  few  years  with  hardware  and  software 
imfwoveroents  and  a  full  constellation  of  18  sateliites,  this  accuracy  will  be  anaiiuble.) 

3.1.7  ObscrvaitofuJ  Procedures 

3.1.7.)  To  make  angular  measMemenis  a  theodoiHe  shall  first  be  aocuraiely  plumbed  over 
the  occupted  poiai.  ctiher  by  anaching  the  theodohie  dueedy  lo  the  point  with  a  iiibnch  (in 
the  case  ci  a  reference  pouu  above  ground  level),  or  by  tmng  a  thpod  and  tribrach  with 
opocal  plummet  (in  the  case  of  a  reference  pousi  at  gmund  or  an  object  poiiu).  Optical 

theodobicsaiidefecoemctheodoiiiesootetpiippedwithadhaenaorordltaeosotsshallbe 
accurately  levclJcd  ustag  the  AVCC  To  ensure  that  the  tbeodobte  has  not  become 
dislcvelled  dtuing  the  dne  hntiaonaal  angular  tneasuretnents  mt  made,  the  A  VOC  be 
used  to  measure  dtskvcttncM  on  compkoon  of  the  measunetneatt.  If  the  dtsleveltmeni  is 
greater  than  KT  the  tneasuremrao  ibaU  be  lepeaied.  In  elactrotric  theodolites  equipped 
with  a  oh  tensor  or  dh  sensors.  dK  larthmre  in  the  ck«aonk  thnotteIHe  or  the  software 
conoollMf  the  ctecoonic  dteodobic  shall  be  enpefaig  ei  numm-imiiy  enmpwi«m.g  for  the 
tfltct  erf  insiruinein  dUkvettaaent  on  all  bonaomal  anpdv  tneaswetoBna.  after  the 
insounamt  has  first  been  levelled  wdh  in  cucutar  or  ptaae  levcL  (LeveOinf  with  a  arodar 
or  plate  level  will  ensure  dw  the  itjilryfUmmi  betng  compeniaiBd  for  is  less  dan  Or.)  To 
ensure  Hat  the  etocomdc  daodoba  hns  not  become  grossly  dtsfevdled  daring  the  tune  the 
horiaonal  angular  owajurements  arc  aade.  the  insouiDeni  shall  be  tntenogated  to 
deiename  dislevellmenc  on  oompiedon  of  dke  raeasuremena.  If  the  disievellment  is  peaier 
than  02’  the  meaimemena  shaB  he  repeated 

Panllaa  shall  he  chmuased  by  first  focussing  da  reticule,  then  da  obyeedve  lens  of 

me  iiieoQOiiNe* 

Most  P  optical  theodotes  aie  equyped  with  Ughting  equipineni  so  dull  the 
hcMaotml  and  venical  dRks  cat  he  mad  widiom  naiaal  Hgla  te  daodoUas  w  equipped. 


the  lifhiing  eqitipmeoi  (and  fully  charged  batttries)  shall  always  be  used  in  order  to 
provide  uniform  lighting  condinons. 

Very  hoc  or  very  cold  objects  and  grazing  lines,  which  under  adverse  conditions  can 
produce  large  errors  in  angular  measurements  due  to  lateral  refiraction.  shall  be  avoided 
whatever  potsibk.  Where  it  is  not  possible  lo  avoid  very  hot  or  very  cold  objects  and 
grazing  lines,  the  observaaons  which  might  be  affected  shall  be  flagged  for  future 
reference. 

Neutral  atmospheric  conditions  (cloudy  day.  slight  breeze  to  thoroughly  mix  the 
tower  atmo^>here  and  thus  make  it  uniform)  are  best  for  all  types  of  convenbonal  survey 
measurements,  including  angular  measurements  with  theodolites.  If  possible,  angular 
measuroneius  shall  be  planned  for  these  days.  In  addition,  when  zenith  angles  are  to  be 
observed,  they  shall  be  observed,  if  possible,  between  10AM  and  3PM  when  the  rue  of 
change  of  vertical  tefcacoon  a  osoaBy  analkaL  Making  angular  measurements  on  very  hot 
days  shall  be  avoided,  boi  if  this  is  not  pcaiftte.  the  dteodobie  dtall  be  protected  from 


When  a  theodolite  is  being  need  to  measaie  Koith  angles  for  the  purpose  of 
deienniniag  height  dilTcienocs.  it  shaO  not.  if  poesible.  be  opereiad  near  external 
elecaroinagneiic  fields  ptoduced  by  Ugh  volage  power  fines,  large  transformers,  large 
gencraiors  and  ittatiar  equipment.  If  dfis  camoi  be  avoided.  aU  distmoes  measured  fiom 
the  aIbciBd  point  shall  be  Qagged  for  ftaaue  refounoe. 

The  reticTBiioo  oiethod  specified  for  connol  surveys  (see.  for  rxamplf.  “Albera 
Bureau  of  Surveying  and  Mapping  Survuy  CoovU  Branch  Spectfications  and 
Insauctinns'n  shafl  he  amd  in  ohagrvhM  dhwennwL  TW  eowimniihr  H!w.fhinii  meriiod 

shall  be  obaerved  in  four  rounds,  in  nil  ihnntinHwt,  urfA  m*  ift  yitcTOik 

theodofises  which  are  derignadmaameaadcaByrwigii  nim  far  hortzonral  coifimapon  error 
based  on  FL  (face  Icfi)  and  FR  (face  right)  poiniinp  and  reat&ngs  on  one  target.  FL  and 
FR  pointings  and  readings  shall  be  made  on  aD  argesa.  AB  hotiaoncal  oick  and  vettical 
ctrek  mdings  shall  be  rooetdad  manually  (m  0.1*)  or  ekctronically  ao  dat  proper  data 
reduction  can  be  carried  out  prior  to  nctwortt  a^jusmeot  and  defotmaiioo  analysts. 

Thoodoiiies  or  gyroiheodafiaes  iBiAbsi  be  used  m  eaake  obaervasiotts  of  azimudi 
becauae  such  obaervatiaaa  omnot  be  oade  with  aufficlem  accutacy  (wdess  very  special 
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equipmeni  u  used  and  very  special  and  dnne  consuming  procedures  are  adopted)  such  that 
they  will  have  an  significam  beneficial  effect  on  deformation  analysis. 

3. 1.7.2  When  measuring  distances  with  steel  or  invar  wire  tapes,  the  uncorrccted  taped 
distance  (to  the  nan),  the  len^MBtature  of  the  tape,  the  lenston  ^[tplied  to  the  tape,  die  sk^ 
of  the  the  unsupported  length  or  lengths  of  the  tape  and  the  standardizatkxi  error  of 
the  tape  shall  be  recorded. 

Plumb  bote  shall  not  be  used  to  |dumb  a  particular  mark  on  a  tape  ovo^  a  point; 
instead,  whenever  possible,  dirca  poim>K>-point  distances  shall  be  tap«L  If  uping  of 
direct  point-to-point  distances  is  not  possible,  a  tripod  and  thoidoUie  («nth  an  optical 
plummet  and  A  VCXT)  shall  be  plumbed  and  levelled  over  one  poim.  The  telescope  shall  be 
pointed  dircedy  at  the  tecood  poi«  and  the  dtstanor  between  the  centre  of  the  trunnion  axis 
and  the  second  point  shall  be  tafwd.  la  lituMions  in  which  there  is  a  low  obstacle  between 
the  two  points,  two  theodobaes  will  be  mpased.  and  the  taped  distance  shall  be  between 
the  centres  of  the  trunnion  axes  cf  the  two  thnodoliaet 

Each  distance  neasarad  with  a  steel  or  invar  tape  shall  be  measaiud  independendy 
two  separasetancs.  by  itpeanng  the  letup  luqniwlp  make  the  dtsaaoemeasuretnem. 

3.  t.7.3  When  measuring  dwtaires  with  mnsionnd  steel  tape,  inw  tape  or  invar  wire 
mcasunag  units,  the  unoorweted  dtstance  (to  0.01  mm),  the  aetnperature  of  the  tepe  or 
wire,  the  lensaon  applied  to  the  or  wire,  the  slope  of  the  tape,  the  unsupported  length 
or  lengths  the  tape  or  wire  and  the  stindwtoabon  error  of  the  tape  or  wire  shall  be 
recorded. 

Each  distance  measured  with  a  twakated  steel  tape,  invar  tape  or  invar  wire 
mcasiaaif  unit  shall  be  meaiured  htdependeady  two  sepmme  times,  by  repealing  the  setup 

3  1.7  4  b)  measuring  distaiioeswiih  a  snbtene  bar.  the  submnae  bar  and  theodoliiefr  or 
better  opdcil  iheodobie  or  nominal  rmbeaerckcareniciheodote)  shall  first  be  phttnbed 
and  levelled  over  the  points  defining  each  cad  of  the  line  of  obtemttoo.  using  the 
procedures  described  In  Mcdoa  3. 1.7.1.  The  aAteaae  bar  shall  be  set  perpendiciilar  to  the 
line  of  obecrvmion  using  the  optical  stghL  The  angle  subtended  by  the  sidaettse  bar  at  the 
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theodcrfue  suuoa  shall  (Ikii  be  measured  in  four  rounds  by  the  reiteration  method  (see 
sectioD  3. 1.7.1).  In  order  to  be  able  to  reduce  the  measured  distance  to  a  point-to-point 
distance,  the  HI  (height  of  instniment)  and  HT  (height  of  target)  shall  be  measured  to  O.S 
cm  with  a  tape  and  leconkd. 

Each  distance  meastaed  with  a  subtense  bar  shall  be  measurul  independently  two 
sepmte  rimes,  by  repcaring  the  setup  required  to  make  the  distance  measuremenL 

3. 1.7.3  To  meamre  distances  with  an  EDML  the  EDMI  shall  first  be  accurately  plumbed 
over  the  occupied  point,  either  by  attaching  the  Q3M1  directly  to  the  point  with  a  trituach 
(in  the  case  cf  a  reference  point  above  ground  level),  or  by  using  a  tripod  and  tribrach  with 
optical  plummet  (in  the  case  of  a  reference  point  at  ground  level  or  an  ofayect  p'nnt).  If  the 
EIMbll  is  a  ttand-akMe  out.  the  tribnch  uno  which  the  EDMI  fits  shall  be  levelkd  with  the 
plate  level  or  AVOC  of  tax  optical  theodoHte  (a  1*  theodoliie  is  not  necessary).  If  the 
EDMI  is  combined  with  an  optical  or  ekcooBic  theodoKse  in  a  mal  staoon  system,  the 
same  kveOiag  procedure  diaU  be  used  fbr  EDMI  and  dieodoliie.  (Seesecsioo3.1.7.1.) 

Exoeme  variaiioos  in  terrain  (c-g.  line  of  obeervaiioo  across  a  valtey  or  line  of 
observation  across  a  large  body  of  water),  which  under  advene  conditions  can  produce 
large  errors  because  uidawwn  atmospheric  pressare  and  temperature  along  the  largest 
ponton  of  the  hne  of  observation,  shall  be  avoided  whenever  possible.  Where  it  is  not 
possible  to  avoid  exoeme  varianons  in  terrain,  the  ohservarioot  which  ought  be  affected 
shall  be  ftagged  for  ftuure  reference.  Neooal  aonospbcric  contBrions  (cloody  day.  slight 
breeae  lo  thoroughly  mix  die  lower  moiphen  and  thus  make  is  more  uniform)  ait  best  for 
all  types  of  convoitional  survey  measurements,  inclnding  distance  measurements  with 
EDMI 's.  If  poasibic.  dbanoe  measaremBna  whh  EDMI 's  shall  be  made  on  these  days. 

Whenever  possible  an  EDMI  dtaD  not  be  operated  near  external  ekcoomagnetic 
ftclds  produced  by  high  voltage  power  liaes.  large  oaasfonners.  large  generators  and 
similar  equtpnaent  If  dris  cannoi  be  avoided,  ail  dtsaoKcs  measured  from  the  affected  point 
thafl  be  flagged  far  foaoe  lafcrance. 

Before  distance  nwawremenis  are  made  with  an  EDMI.  the  instniment  shall  be 
allowed  ID  wanii  up  far  dK  period  of  rinse  specified  by  dK  nanufoconcr.  The  EDMI  Shan 
also  only  be  opoaicd  witlria  the  range  of  ambfem  temperatures  specified  by  the 
menufacooerfuenaliy  to  440^  end  with  beneries  whkh  ere  fidty  chaffed  ti  the 


begiiioing  of  each  day  during  which  the  EDMI  is  used. 

Pressure  and  temperature  shall  always  be  measured  at  the  inscrument  station;  and,  if 
the  target  station  is  a  nfenacc  network  point  (rather  than  an  objea  point),  pressure  and 
temperature  shall  also  be  measured  at  the  target  station.  Pressure  shall  be  measured  at  any 
convenient  location  near  the  station.  Temperature  shall  be  measured  in  a  location  shaded 
btom  the  sun.  et^xjsed  to  tlw  wind,  at  least  1.S  m  above  the  ground  and  at  least  1.5  m  from 
tire  observer  and  the  insmmrent.  The  most  suitable  method  of  meeting  ail  these  conditions 
is  to  measure  the  temperature  with  the  probe  of  an  electronic  thermister  attached  to  the  top 
of  a  seireraie  tripod  which  is  shaded  ^om  the  sun  by  an  undreella.  The  temperature  display 
unit,  attached  to  the  probe  by  a  snudl  cord,  can  be  read  at  any  convenient  location.  The 
correction  for  atmospheric  conditions  shall  not  be  applied  at  the  nme  a  distance  is  measured 
but  rather  when  the  network  data  is  preprooessed  (see  section  3.1.8).  i.e.  if  the  EDMI 
allows  for  the  atmospheric  correction  to  be  preset,  it  shall  be  preset  lo  '’zero”. 

Prior  to  a  distance  being  measured  with  an  EDMI,  the  prism  (or  target  set>prism 
coorttination)  at  the  target  station  shall  be  aligned  perpendicular  (to  within  10^  to  the  line 
of  observaiioo  from  instrament  station.  When  measuring  the  distance  between  instrument 
and  otfget  stations,  the  EDMI  shall  be  pointed  at  the  centre  of  the  prism  so  that  the  return 
signal  strength  is  maaiinired  (In  propetiy  adjusted  total  stadoo  tnstruirrents.  the  EDMI  is 
pointed  at  the  centre  of  the  prism  when  the  theodolite  is  accurately  pointed  at  the  target  of 
the  target  set-prism  combinnoa) 

Each  distance  shall  be  measured  and  recorded  four  separate  times  by  repoinung  the 
EDMI  between  each  reading.  In  order  to  be  able  to  reduce  the  set  of  four  uncorrected 
measured  distances  from  the  EDMI  to  a  point-to-pomi  disance  or  a  horizontal  distance, 
and  in  certain  cases  to  detenniae  height  differences  (see  section  3. 1.7.6).  the  following 
infonnaiion  shall  be  recorded: 

(a)  the  pressure  (to  2  mm)  and  the  lemperacnre  (10 

(b)  the  HE  (height  of  EDMI).  HP  (hei^  of  prism).  HTH  (height  of  theodolite)  and  HT 
(height  of  target)  to  OJ  cm  if  only  distances  are  required;  ortheHEandH[Pio0.5cm 
and  the  HTH  and  HT  to  0l3  mm  if  both  distances  and  height  differences  are  required 
(see  secikm  3. 1.7.6);  and. 

(c)  the  zenith  angles  obaerved  in  four  roimds. 
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3. 1.7.6  The  observational  procedures  for  the  determination,  by  means  of  precise  spirit 
levelUnK.  of  height  differences  in  geodetic  networks  are  well  established;  see.  for  example, 
"Specifications  and  Recormnendations  for  Ccrntrol  Surveys  and  Survey  Markers*'  by 
Surveys  and  Mapping  Branch.  Energy.  Mines  and  Resources  Canada.  In  this  section 
(Mrecise  spirit  levelling  procedures  are  modified  so  that  they  are  suitable  for  deformation 
survey  networks. 

The  observational  procedures  for  the  deteimination.  by  means  of  precise  spirit 
levelling,  of  height  differences  in  deformatioa  survey  networks  are  as  follows: 

(a)  Only  one  double  scale  invar  rod  shall  be  used  (so  that  only  one  "plug",  if  required,  has 
to  be  used;  see  section  3.1.3.6).  unless  two  rods  are  being  used  to  reduce  the  time 
required  to  observe  the  netwwk.  When  one  rod  is  used,  the  number  of  setups  between 
any  two  points,  for  which  a  height  difference  is  required,  shall  be  minimized.  When 
two  rods  are  used,  the  number  of  semps  will  be  minimized  as  previously  described, 
under  the  restriction  that  there  shall  be  an  even  number  of  setups. 

(b)  Levelling  lines  shall  only  be  run  in  fiog  direction.  (Consideting  the  standards  for 
defonnation  surveys  given  in  section  2  (see  Table  1),  this  is  generally  adequate.  In 
hilly  terrain,  however,  it  may  be  specified  that  levelling  lines  shall  be  nin  in  both 
directions  to  minimize  the  refraction  etror.  In  these  cases,  the  height  differences  shall 
be  computed  as  the  oaeans  of  forward  and  backward  runs.) 

(c)  A  cloth  tape  shall  be  used  to  balance  total  BS  (backsight)  and  FS  (foresight)  distances 
between  any  two  deformation  survey  network  points.  If  these  distances  cannot  be 
balanced  they  shall  be  recorded  so  that  the  height  diffetenoe  can  be  adjusted  for  the 
coUimaiion  error  as  given  by  the  results  of  the  latest  Princeton  Test  (see  section 
3. 1.6.7). 

(d)  The  levelling  rod  shall  be  moved  fiom  its  BS  positioa  to  its  FS  position  as  quickly  as 
possible,  and  the  two  rod  readinp  in  each  position  shall  be  made  as  quickly  as 
possible. 

(e)  The  maxifnumlenfdi  of  a  line  of  sight  shall  be  30  mas  long  as  the  rod  readings  sadsfy 
the  "data  screening"  criteria  (see  sectioo  3.1.8). 

(0  The  Une  of  sight  shall  not  be  less  than  0.5  m  above  the  ground. 

Neutral  atmospheric  conditions  (cloudy  day.  slight  breeze  m  thoroughly  mix  the 
lower  atmosphere  and  duis  make  it  uniform)  are  best  for  all  types  of  conventional  survey 
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measurements,  including  height  difference  measurements  using  precise  levelling 
equipment.  If  possible,  precise  levelling  shall  be  planned  for  these  days.  Carrying  out 
precise  levelling  on  very  ho:  days  shall  be  avoided  but  if  this  is  not  possible,  the  automatic 
level  shall  be  proteaed  from  direct  solar  radisdon  with  an  umbrella. 

Whenever  possible  an  automatic  level  shall  not  be  operated  near  electromagnetic 
fields  produced  by  high  voltage  power  lines,  large  transformers,  large  generators  and 
similar  equipment.  If  this  cannot  be  avoided,  all  rod  readings  taken  with  the  automatic  level 
whert  it  is  set  up  in  the  affected  area  shall  be  flagged  for  future  reference. 

All  BS  and  FS  readings  shall  be  recorded  manually  or  electronically  (to  0.01  mm)  so 
that  proper  data  reduction  can  be  carried  out  prior  to  network  adjustment  and  deformation 
analysis. 

Height  differences  can  also  be  determined  by  one  of  the  methods  of  trigonometric 
levelling;  this  is  referred  to  briefly  in  section  3. 1.7.5.  In  all  of  these  methods,  however, 
there  are  important  accuracy  limitations  that  must  be  dealt  with.  These  limitations  are  a 
result  of: 

(a)  the  accuracy  with  which  HTH  (height  of  theodolite)  and  HT  (height  of  target)  are 
determined;  and, 

(b)  continuous  changes  in  vertical  refracdoo. 

The  limitation  associated  with  item  (a)  can  be  minimized  by  using  a  standard  target  (which 
allows  HT  to  be  determined  to  about  0.5  mm)  and  using  a  level  and  a  metre  rule  reading 
direct  to  1  mm  to  detennine  HTH  (which  allows  a  determination  also  to  about  0.5  mm).  A 
properly  adjusted  rod  level  (see  sectioo  3.1.5.6  for  the  adjustment  procedure)  shall  be  used 
with  the  metre  rule  to  ensure  that  the  metre  rule  is  vertical  when  HTH  and  HT  are 
determined.  The  limitatiQn  as.sociaied  with  item  (b)  can  only  be  minimized  by  some  method 
of  continuously  estimating  the  coefficient  of  redaction  during  the  time  zenith  angles  are 
observed. 

The  coefficient  of  re&acdon  can  be  estimated  by  observing  the  zenith  angles  at  one 
or  both  ends  of  a  line  of  known  length  joining  two  points  whose  height  difference  is  also 
known.  This  can  be  accomplished  in  a  deformation  survey  network  by  first  determining 
the  height  differences  between  reference  network  points  by  a  precise  spirit  levelling 
network  adjustment  involving  only  reference  network  points.  Lines  of  observation 
between  pairs  of  refereiKe  network  points  Creference  lines")  are  then  chosen  such  that 
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they  pass  near  the  centroid  of  the  object  points  so  that  representative  coefficients  of 
refraction  can  be  obtained.  By  combining  four  rounds  of  FL  and  FR  measurements  of 
zenith  angle  at  one  or  both  ends  of  a  given  reference  line  with  observadons  of  zenith  angles 
to  object  points,  good  estimates  of  coefficients  of  refracdon  can  be  obtained.  All  heights  of 
objects  points  with  respect  to  the  chosen  vertical  datum  can  then  be  determined  by  a 
minimum  of  two  horizontal  angles  and  one  zenith  angle  (corrected  for  refraction,  as 
described  above,  and  earth  curvature). 

The  neutral  atmospheric  conditions  described  earlier  are  best  for  height  difference 
measurements  using  trigonometric  levelling;  thus,  if  possible,  trigonometric  levelling 
should  be  planned  for  days  having  these  conditions.  More  importantly,  because  the  rate  of 
change  of  vertical  refraction  is  usually  smallest  between  10AM  and  3PM,  observations  of 
zenith  angles  from  which  height  differences  are  to  be  determined  shall  be  made  only 
between  these  hours. 

If  only  one  theodolite  is  used  on  the  reference  line,  difference  in  height  to  an  object 
point  from  one  observation  of  zenith  angle  can  be  determined  to  about  3  mm  on  a  200  m 
line.  If  two  theodolites  are  used  in  a  near  simultaneous  naode  on  the  reference  line, 
difference  in  height  to  an  object  point  from  one  observation  of  zenith  angle  can  be 
determined  to  about  U  mm  on  a  200  m  line.  (In  the  absence  of  systematic  errors  in  the 
determination  of  the  coefficients  of  refraction,  lower  standard  deviations  of  height 
difference  will  be  achieved  after  network  adjustinenL)  The  estimated  standard  deviation  of 
the  height  difference  determinations  are  proportional  to  the  square  of  the  slope  distance; 
therefore,  these  standard  deviations  rapidly  deteriorate  with  longer  distances. 

3. 1.7.7  The  metric  camera  used  for  a  particular  epoch  of  deformation  survey 
irteasurements  may  be  mounted  on  or  in  any  suitable  camera  platform  (e.g.  tripod,  rolling 
height-adjustable  camera  stand,  crane  bucket,  helicopter,  fixed  wing  aircraft).  It  is 
exiremelv_important  that  camera  motion  at  the  rime  of  exposure  be  minimized.  If  the  camera 
platform  is  to  be  a  helicopter  or  a  fixed  wing  aircraft,  it  is  strongly  recommended  that  a 
camera  with  an  image  motion  compensator  be  used.  In  a  typical  application,  S  to  20 
exposure  sutitxis  may  be  required  around  the  defenming  object  to  get  sufficient  precision 
for  the  object  point  coordinates;  see  section  3.1.1.  To  ensure  that  all  object  point  targets  are 
sharply  defined  on  photographic  media  (glass  plate  or  metric  camera  film),  experienced 
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personnel  shall  be  used  to  load  the  photographic  media,  take  the  exposures,  unload  the 
photographic  media  and  develop  the  photographic  media. 

3. 1.7.8  The  device  used  to  measure  image  coordinates  (monocomparator, 
stereocon^arator  or  analytical  stereocompiler)  for  a  particular  epoch  of  deformation  survey 
measurements  shall  be  operated  by  an  experienced  photogrammetric  operator.  It  is 
preferable  that  the  recording  of  image  coordinates  be  as  automated  as  possible  in  order  to 
avoid  introducing  gross  errors  into  the  bundle  adjustment  with  self-calibration.  For  the 
same  reason,  systems  which  arc  capable  of  automatically  driving  to  and  centering  on  the 
image  target  (e.g.  a  retrotarget)  are  preferred  over  systems  in  vhich  the  oparator  must 
manually  center  on  the  image  target 

3. 1.7.9  In  using  GPS  receivers  to  detennine  three-dimensional  coordinate  differences,  all 
procedures  specified  by  the  receiver  manufacturer  shall  be  followed. 

Quanz  crystal  receiver  oscillators  shall  be  warmed  up  for  24  hours  prior  to  an 
observing  session.  Atomic  oscillators  (rubidium  vapour  cell,  cesium  beam  tube  or 
hydrogen  maser)  shall  be  warmed  up  for  one  hour  prior  to  an  observing  session.  An 
uninterruptable  power  source  shall  be  used  with  the  receiver  oscillator.  For  codeless 
receivers  which  must  be  externally  synchronized  to  UTC  (universal  time  coorxlinated) 
synchronization  shall  take  place  before  each  day  of  observing. 

At  each  survey  point  at  which  GPS  survey  observations  are  to  be  made,  the  antenna 
shall  have  at  least  a  Sm  sq)aration  from  any  object  that  projects  above  the  horizontal  plane 
passing  through  the  antenna.  Each  antenna  shall  bear  a  directional  mark  so  that  the  antenna 
can  be  oriented  correctly  in  azimutii. 

Whenever  possible  the  antenna  diall  be  set  up  such  that: 

(a)  no  solid  object  with  an  elevation  greater  than  20®  above  the  antenna  will  block  the 
incoming  GPS  signals;  and, 

(b)  the  antenna  is  not  near  metallic  structures,  flat  surfaces  or  electromagnetic  fields 
produced  by  high  voltage  power  lines,  large  transformers,  large  generators  and  similar 
equipment 

Each  survey  point  at  which  GPS  survey  observations  are  to  be  made  shall  be 
occupied  at  least  one-half  hour  before  observing  is  to  commence.  During  this  time  the 


equipment  shall  be  set  up  and  tested. 

Each  antenna  assembly  shall  be  mounted  on  a  conventional  survey  tripod  using  a 
tribrach  equipped  with  an  optical  plummet  Each  optical  plummet  shall  be  checked  and 
adjusted,  if  necessary,  each  time  an  epoch  of  CPS  survey  observations  are  to  be  made. 
(The  adjustment  procedure  is  described  in  section  3.I.S.I.)  For  each  antenna  the  height  of 
the  best  fitting  centre  of  phase  variation  of  the  antenna  above  the  survey  point  (HA)  shall 
be  determined  using  a  level  and  a  metre  rule  reading  direct  to  1mm.  (This  will  allow  HA  to 
be  detetmined  to  0.5mm.)  Separate  measurements  shall  be  made,  at  the  beginning  ami  end 
of  each  session,  for  the  HA  for  each  operating  frequency.  If  a  given  receiver  is  to  remain  at 
the  same  sution  for  more  than  one  observing  session,  the  receiver  antenna  shall  be 
repositioned  and  HA  remeasured  at  the  beginning  and  end  of  each  observing  session. 

For  each  observing  session,  not  less  than  four  satellites  shall  be  observed 
simultaneously  using  at  least  three  receivers.  Satellhe  observaiiom  shall  be  made  in  all  four 
quadrants.  Satellites  shall  only  be  observed  when  the  HDOP  (horizontal  dilution  of 
precision)  and  VDOP  (vertical  dilution  of  predsioo)  values  will  reach  a  minimum  value  of 
6  or  less  sometime  during  the  observing  session.  Satellites  shall  not  be  observed  at 
elevations  less  than  20P  above  the  horizon.  Each  observing  session  shall  last  a  mutimum  of 
two  hours. 

In  a  deformation  survey  network  in  which  (iPS  survey  observataocu  are  to  be  ooade. 
a  GPS  receiver  shall  be  permanently  sttiioaed  (Le.  for  the  duiatkm  of  the  epoch  of 
measurements)  at  one  of  the  reference  network  points  (the  'master  stanon')  and  shall 
gather  dau  in  every  observing  session.  The  same  master  station  shall  be  used  each  time  an 
epoch  of  defemnadon  survey  network  observuocts  ate  lo  be  made  using  GPS  receivers.  At 
all  other  survey  points  at  which  GPS  survey  observations  are  to  be  made,  100%  of  the 
points  shall  be  included  in  at  least  two  observing  sessions  and  75%  of  the  survey  points 
shall  be  included  in  at  least  three  observing  sessions  For  the  deformation  survey  network 
as  a  whole,  not  less  than  three  baselines  shall  be  ooruiecied  lo  each  point,  and  not  less  than 
10%  of  the  baselines  shall  be  repeated  baselines,  with  an  ipproaiinately  equal  number  of 
north-south  and  east-west  repeated  bowlines 

At  each  survey  point  at  which  GPS  survey  observatioos  are  being  matte,  cloud 
cover,  temperature,  pressure  and  relative  humidity  shall  be  recoided  every  30  minutes 
during  the  observing  sesskm.  Barometers  and  thermometers  shall  be  calibrated  each  hine 
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an  epoch  of  defomiatioA  survey  observations  are  to  be  made  using  GPS  receivers.  The 
calibration  procedure  is  described  in  section  3.I.6.6. 

Gf^  survey  observations  shall  not  be  made  during  tfaunda^  sionns  or  during  periods 
of  intense  sunspot  activity. 

A  handwritten  field  tog  shall  be  prepared  for  each  set  of  observations  taken  in  each 
observation  session.  Each  field  log  shall  include  the  following  infcxmabon; 

(a)  project  name. 

(b)  operator  name; 

(c)  date  (day.  month,  year  and  day  of  year); 

(d)  manufacturer,  model  and  serial  number  of  receiver,  antenna  and  dau  recorder. 

(e)  station  name. 

(0  session  nuinber. 

(g)  start  time  and  end  time  (UTC); 

(h)  saielliaes  observed; 

(i)  height  of  ttuenna; 

())  cloud  cover,  temperature,  pressure  and  relative  humidity  (every  30  minutes  during  the 
observing  sessaon); 

(k)  site  sketch  noting  all  nearby  obsmictioas.  metallic  surfaces,  flat  surfaces  and 
electromagnetic  fields;  and. 

(l)  receiver  probkms. 

3.1.S  Preprocessing  of  Data 

3. 1.8.1  Prefuocessing  of  convenbonal  survey  data  shall  include: 

(a)  the  scieemng  of  data  by  appbcatioo  of  a  rgecoon  test  at  the  time  the  observations  are 
made  in  onkr  to  nqea  obeervatioas  which  are  probable  outliers;  and. 

(b)  the  af^licatian  of  atmospheric,  insarumenial,  standardization  and  geometric  corrections 
so  that  observatioas  can  be  introduced  directly  into  a  survey  network  adjustment 
computer  program  system 

(No  gravity  conectkms  of  any  type  shall  be  required  in  deformation  survey  networks 
observed  by  oonveimonal  survey  methods  hecausc  such  nermatks  are  of  limiaBd  extent  (see 
section  2)  and  gravity  anomalies  or  changes  in  deflection  ttf  the  vctrical  in  such  areas  are 
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aloiost  always  very  small;  and.  whatever  small  systematic  errors  arc  produced  due  to 
neglecting  the  gravity  corrections  are  common  to  all  epochs  (the  variation  of  gravity  with 
tune  is  very  very  small  and  similar  observations  are  made  in  each  epoch),  thus  they  will 
cancel  out  when  coordinate  differences  are  coopted  in  the  defonnation  analysis.) 

Preprocessing  of  conventional  survey  data  can  be  done  manually  or  by  means  of 
small  field  or  office  computer  systeim.  When  the  latter  are  used,  it  shall  not  be  necessary 
to  carry  out  the  preprocessing  exactly  as  specified  in  this  section  as  long  as  it  can  be  shown 
that  some  form  of  data  screening  has  been  a{^lied.  and  that  all  atmospheric,  instrumenul . 
standardization  and  geometric  corrections  have  been  properly  applied.  The  use  of  dau 
coUcciors  for  collecting  conveniicmal  survey  data,  especially  those  which  are  capable  of 
preprocessing  the  data,  is  strongly  recommended. 

Preprocessing  phocogrammetric  sisvey  dua  shall  include: 

(a)  the  screening  of  measured  image  coordinates  in  order  ID  reject  observations  which  are 
probable  outikrs;  and. 

(b)  the  determination  of  three-dimensiooal  object  coordinates  and  the  associated 
varianoe-oovahaooe  matrix  in  a  local  (x,  y.  z)  coordinate  system  through  the  use  of  a 
computer  ptogm  system  for  bundle  adjusmxnt  with  self-calibratioa. 

In  the  bundle  atyusnneai  with  sdf'Calttntioa  the  following  parameters  shall  be  treated  as 
wagbaed  oakaowns:  focal  length,  (x.  y)  posiiioo  of  the  principal  poim,  and  ooeffictents 
for  radial  leas  disioriion.  asymmetric  lens  distortion  and  photogtif^c  media  unflatness. 
An  estimated  standard  deviatioo  of  2  microos  shall  be  used  for  all  image  coordinates. 
Becaittc  the  disuncei  between  the  exposures  staxioiis  and  the  object  are  so  short  in 
phocoframroark  defonnanon  surveys  resulting  in  negUfible  errors  due  to  atmospheric 
retraetkm.  no  atmospheric  retractioa  correettons  shall  be  applied.  The  eanh  curvature 
conecoon  shall  only  be  ^iplied  to  the  height  component  if  the  photogrammenic  survey  is 
to  be  coaabtned  srith  a  oonvenihmal  andfor  OPS  survey. 

Preprooessmt  of  GPS  survey  data  than  include: 

(a)  the  derenunaxion  of  three-dimensional  coordinate  differences  and  the  associated 
variance-tmvariance  matrix  in  a  local  (x.ya)  coordinate  system  for  each  baseline 
observed;  and. 

(b)  the  screening  of  three-dinieoiionai  coonfinase  differences  for  each  baseline  observed  in 
onler  to  reject  dwse  cootrlinaif  differeuces  srhidi  are  probable  oudiers. 


The  conecoons  which  are  analogous  to  the  atmospheric,  insmimemal.  standardization  and 
geomeihc  corrections  for  ccmventiooal  survey  observations  are  carried  out  by  the  GPS 
processing  software. 


3. 1.8.2  The  following  rejection  tests  shall  be  applied  to  angular  observations  made  with  a 
theodcdite: 

(a)  if  a  reduced  direction  differs  frmn  the  mean  reduced  direction  by  more  than  2"  it  shall 
be  rejected,  and  the  entire  set  of  directions  shall  be  reobserved; 

(b)  if  a  reduced  zenith  angle,  which  is  not  being  used  to  compute  a  height  difference, 
differs  from  the  mean  reduced  direction  by  more  than  4“  it  shall  be  rejected,  and  the 
entire  set  of  zenith  angles  shall  be  reobserved;  and. 

(c)  if  a  reduced  and  omected  zenith  angle,  which  is  being  used  to  compute  a  height 
difference,  diflers  from  the  mean  reduced  and  oonected  zeniih  angle  by  more  than  2"  it 
shall  be  rejected,  and  die  entire  set  of  zenith  angles  shall  be  reobserved. 

(In  this  document  a  round  is  defined  as  one  FL  and  one  FR  pointing  on  each  target,  a  set  is 
defined  as  a  specified  number  of  rounds.  More  than  one  set  at  a  stadon  usually  in^lies 
completely  independent  observations  on  a  difTerent  day  with  a  different  observer.) 

Except  in  the  case  of  zenith  angles  which  are  observed  for  the  purpose  of 
determining  height  differences  and  thus  must  be  corrected  for  earth  curvature  and 
refraction,  no  atmospheric  corrections,  instrumental  conecdons  (other  than  those  made 
internally  in  electronic  theodolites),  standardizadon  conecdons  and  geometric  conecoons 
are  required  for  angular  observadtms  made  with  a  theodolite.  (The  skew-normal 
correcdon.  the  normal  secdon  to  geodesic  corxecdon  and  the  arc-io-cord  conecdon  which 
are  applied  to  dsecdoos  measured  in  geodedc  networks  of  oondnental  extent  need  never  be 
applied  in  a  deformation  survey  network.) 

3.1.83  The  following  rejection  test  shall  be  apj^ied  to  each  distance  measured  with  a  steel 
or  invar  tape:  if  the  difference  between  tfw  two  independently  measured  distances  is  greater 
than  2  mm,  both  distances  shall  be  rejected  and  the  distance  teobserved.  When  this 
rejecdon  test  has  been  satisfied,  a  single  unconected  distance  shall  be  conqmted  as  the 
mean  ot  the  two  independendy  measured  distances. 

The  following  corrections  shall  be  ap|died  lo  a  mean  uncorrected  measured 
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with  a  steel  or  invar  tape: 

(a)  the  correctkm  due  to  the  difTerence  between  the  temperature  of  the  tape  and  the 
standardization  ien^)entufe  of  the  tape  (not  applicable  for  invar  tapes); 

(b)  the  correction  due  to  the  difference  between  the  tension  applied  k>  the  ape  and  the 
standardization  tension  of  the  tape: 

(c)  the  correction  due  to  the  unsupponed  lenfth  O’ lengths  (rf  the  tape: 

(d)  the  correction  due  to  the  slope  of  the  tape  (not  applicable  if  point-to-point  disancxs 
required);  and. 

(e)  the  correction  due  to  the  standardizaiion  error  the  tape. 

3.1.8.4  The  following  rejecdon  test  shall  be  ^tplkd  to  each  distance  measured  with  a  steel 
ape.  invar  ape  or  invar  wire  measuring  unit:  if  the  difference  between  the  two 
independently  measuied  distances  is  greaier  than  0.02  mm.  both  distances  shall  be  rejected 
and  the  distance  teobserved.  When  this  rejecdon  test  has  been  sadsfted.  a  single 
uncorrected  distance  shall  be  computed  as  the  mean  of  the  two  independendy  measured 
distances.  The  conecrions  applied  to  a  mean  uncocrected  distance  shall  be  the  same  as 
those  given  in  section  3.I.8.3. 

3.1.8J  The  rejecdon  tesa  which  shall  be  applied  to  disances  measured  with  a  subtense 
bar  are  the  same  as  those  given  in  secdon  3.I.8.2.  When  this  rejecdon  test  has  been 
sadsfied  for  the  two  independently  measured  sets  of  directions,  the  distances  shall  be 
cmnputed  (using  the  actual  length  of  the  subience  bar  between  the  targets  rather  than  the 
nominal  length),  and  cociecied  for  KTH  (height  of  theodolite)  and  HT  (height  of  target)  if  a 
pmnt-to-pointdistanoe  isrequiitd.  A  sin^distaoce  doll  then  be  computed  as  the  mean  of 
the  two  independemly  measured 

3.1.8.6  The  following  rejecdon  test  shall  be  applied  to  each  distance  measured  with  an 
EDMI:  if  the  maximum  diffetenoe  among  the  four  independendy  measured  disances  is 
greater  than  5  mm,  all  distances  shall  be  rejected  and  the  distance  teobserved.  When  this 
rejection  test  has  been  satisfied,  a  sin^  uncorrected  distance  shall  be  conq>uted  as  the 
mean  of  the  four  independently  measured  distances. 

The  following  oanectkms  shall  be  applied  to  a  mean  uncorrected  distance  measured 


with  an  EOMI: 

(a)  The  correction  due  to  dK  difference  between  atnio^beric  conditions  at  the  time  the 
distance  was  measured  and  standard  atmospheric  conditions.  The  Barrett  and  Sears 
formuta.  negtecting  the  partial  water  vapour  pressure  term  which  is  insignificant  for 
infrared  or  laser  EOMI  ‘s  specified  for  deformation  surveys  (see  seaion  3. 1.4.5), 
5haii  be  applied,  using  the  presssure  and  temperature  measured  at  the  instrument 
station  (if  these  measurements  were  only  made  at  the  instrumou  end  of  the  line)  or  the 
means  of  the  pressures  and  temperatures  measured  at  the  instrutnent  and  target  station. 

(b)  The  correction  due  to  the  addidve  constaiu  of  the  EDMl  and  prism  combinadon. 

(c)  The  correction  due  to  the  sundardizadon  error  of  the  EDML 

(d)  The  geometric  correcdons  which  include  the  following: 

(i)  The  correcdon  due  to  unequal  HE  (height  of  EDMl),  HP  (height  of  fuism),  HTH 

(height  of  theodolite)  and  HT  (height  of  target).  (This  correction,  which  is 
required  whether  the  is  reduced  to  a  horiaontaJ  dtstanoe  or  a  pomt-tt>point 

by  the  use  HE.  HP.  HTH  and  HT,  plus  zenith  angle  corrected  for  earth 
curvature  and  esdmared  ooeffidemof  reftacdon.  is  cqiecially  important  for  short 
distances  and  must  always  be  made  unless  (HE-HTH)a<HP>HT)>) 

(ii)  The  arc  distance  to  slope  distance  corsecdon.  (This  correcdon  can  be  ignored  in 
almost  all  cases  since  it  is  only  03  mm  for  a  10  km  line  in  average  atmospheric 
conditions.) 

(iii)  The  slope  distance  to  horizontal  distance  correcdon.  (This  correcdon,  which  can 
be  applied  by  using  height  differences  determined  by  spirit  levelling  plus  HE  and 
HP,  or  by  using  zenith  angles  corrected  for  earth  curvature  and  coefficient  of 
refracdon,  shall  always  be  applied  when  horizontal  distances  are  required.) 

(iv)  The  horizontal  distance  at  stadon  elevadon  to  horizontal  distance  at  reference 
elevation  correcdon.  (This  cotrectwn,  which  is  equal  to  approximately  16  mm/km 
for  a  height  difference  of  KX)  m,  shall  always  be  applied.) 

3.1.8.7  The  following  rejection  tests  shall  be  applied  at  each  senq)  of  tire  automatic  level: 

(a)  the  difference  between  the  readings  on  the  left  scale  and  right  scale  of  the  rod  shall  be 
within  0.2  mm  of  the  "rod  constant”  (see  secdon  3.1.6.7);  and, 

(b)  the  difference  between  the  height  difference  com|»tted  from  the  BS  (backsi^)  and  FS 


(foresight)  readings  on  the  teft  scale  of  the  rod  and  the  height  difference  computed 
from  the  BS  and  FS  leadinp  on  the  right  scale  of  the  rod  shall  not  be  greater  than  0.2 
mm. 

When  these  rejection  msts  have  been  satisfied,  a  single  height  difference  shall  be  computed 
as  the  mean  of  the  height  difference  computed  ftom  the  left  scale  readings  and  the  height 
difference  computed  fiom  the  right  scale  readings.  This  single  height  difference  shall  then 
be  corrected,  if  necessary,  for  vertical  orflimaiion  error.  (The  conection  is  only  necessary 
if  BS  and  FS  distances  have  not  been  balanced.) 

A  further  rejectioo  test  shall  be  ai^lied  to  height  difference  observations  made  with 
precise  kveliing  equipment.  To  apply  this  rejection  test  the  levelling  networlc  shall  be 
divided  into  a  number  of  loops  in  such  a  way  that  all  height  difference  observations 
between  network  points  ate  included  tt  least  once.  The  loops  may  be  formed  in  any 
manlier,  the  only  lestricoon  is  that  long  narrow  loops  shall  be  avoided.  A  height  difference 
miscloaore  in  a  loop  shall  be  wjected  if  it  is  greater  than  0L2*V(no.  of  setups).  If  rejecred 
loops  are  encountered,  tether  loops  shall  be  formed  and  examined  in  order  to  determine 
height  tfiflierences  between  paints  that  are  common  to  loops  which  have  been  rejected.  This 
procedure  is  often  successful  in  locaring  height  difference  enors.  (A  common  cvise  is 
sinkiiig  or  rebound  of  the  automatic  level  tripod  between  BS  and  FS  readings:  thus  the 
inqionance  of  a  stable  setup  and  quick  readings.)  If  such  errors  are  located,  the  legs  in 
which  the  errors  occurred  shall  be  leobaerved  and  the  rcgecdon  test  shall  be  repeated.  If  the 
errors  cannot  be  located  by  this  procedure,  they  are  at  the  marginally  detectable  level,  and 
can  only  be  detected  by  "data  snooping"  (see  tectioa  3.1.9). 

For  height  diffiexeiioe  detenninarionf  by  one  of  the  methods  of  trigonooietric 
levelling.  rejecQon  tests  shaO  be  ap^ied  lo; 

(a)  the  zenith  angles  measured  with  a  tbeodofite; 

(b)  the  distances  measured  with  an  EDMI;  and, 

(c)  the  determination  of  HTH  using  a  level,  a  metre  rule  reading  direct  to  1  nun  and  a  rod 
level 

The  rejection  test  ^iplied  in  (a)  is  described  in  section  3.I.8.2.  The  rejection  test  applied  in 
(b)  is  described  in  section  3.I.8.6.  The  following  rejection  test  shall  be  ^iplied  for  (c):  if 
the  difference  between  the  two  independent  deierminaiinnt  of  HTH  a  gig«ier  than  Q  S  mm 
both  detaimnadom  Shan  be  rejected  and  HTH  Shan  be  detennined  two  mote  tiroes.  When 
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this  rejection  test  has  been  satisfied,  a  single  HTH  shall  be  ccmiputed  as  the  mean  of  the 
two  independent  determinations. 

3. 1.8.8  Some  form  of  data  screening  shall  be  applied  to  image  coordinates  measured  with 
a  roonocooqiaraior.  stereocomparaior  or  analytical  stereocompiler.  This  dau  screening, 
which  piefeiably  is  incorpmaied  in  data  processing  software,  may  be  a  simple  as  a 
comparison  of  double  measured  image  coordinates.  If  this  method  is  af^lied  the  maximum 
discrepancy  shall  be  2  microns.  When  such  a  discrepancy  is  encountered  both 
measurements  shall  be  rejected  and  the  image  coordinates  shall  be  remeasured. 

A  further  level  of  dau  screening,  called  "dau  snooping"  (see  section  3.1.4)  shall  be 
applied  after  the  bundle  adjustment  with  self-calibration  has  been  completed.  Data 
snooping  values  shall  be  computed  for  all  image  cooedinate  observations.  The  observations 
corre^nding  to  all  such  values  which  are  greater  than  4  sfaaU  be  examined  carefully  as 
possiUe  blunders.  All  observadoos  identified  as  blunders  shall  be  deleted  from  the 
adjustment  and  the  adjustmeiu  shaU  be  rerun. 

3.1.8.9  Preprocessing  of  GPS  survey  data,  as  noted  in  section  3.I.8.I.  includes  the 
determinatian  of  three-dimensiooal  coordinate  differences  for  each  baseliite  observed  and 
the  screening  of  these  cooidinaie  differences. 

Tlw  determtnatioo  of  three-dimensional  coordinate  diffiaences  involves: 

(a)  dau  recording  of  the  carrier  beat  phase  observations; 

(b)  elimination  of  gross  enors  in  the  carrier  beat  phase  observations; 

(c)  detection  and  teinoval  of  die  carrier  beat  phase  ambiguiies;  and. 

(d)  the  least  squares  adjustment  ttf  the  carrier  beat  phase  observations  to  determine  the 
three  dinaensional  coordinate  differences. 

Dau  recording  is  dependent  upon  the  receiver  and  recordingfprocessing  system 
used.  The  elimination  of  gross  errors,  which  is  also  dependem  upon  the  reviver  and  the 
recotriing^irocessing  system  used,  may  be  done  eiifaer  maruially  or  automatically. 

The  detection  and  lemoval  of  cycle  slips  may  be  peiforined  either  by: 

(a)  holding  points  fixed  in  the  adjustment  and  manually  inqieciing  residuals; 

(b)  examimng  the  dau  for  breaks  and  then  modelling  the  dau  with  a  piecewise  continuous 
polynomial  for  each  satelhie;  or. 
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(c)  fonning  recetver-saiellite-uine  triple  difference  observations  to  determine  point 
coocdinates  and  then  searching  triple  difference  residuals  lo  identify  large  discrepaiKries 
in  double  differences. 

The  least  squares  adjustment  of  the  phase  observations  to  determine  the 
tlttee<dimensioQal  cooidioaie  difiesences  may  be  carried  out  by  the  receiver  manufacturer’ s 
software  or  by  third  pany  software.  The  software  shall  iwovide  observation  residuals  to 
ensure  that  no  systematic  errors,  such  as  urtdetected  or  wrongly  corrected  cycle  slips, 
exist 

Screening  of  GPS  survey  dau  shall  be  carried  out  by  examining  coordinate 
difference  discrepancies  in  rqwated  baselines  aitd  loop  closures. 

For  repeated  baselines: 

(a)  the  coordinate  differenoe  discrepancy  in  any  component,  with  respect  to  the  average 
coordinate  difference  for  that  component,  Shan  not  exceed  5mm; 

(b)  the  maximum  discrepancy  in  coordmaie  difference  in  any  component  shall  not  exceed 
10mm; 

(c)  the  resoltani  of  die  coordinate  difference  discrepancy,  with  respect  to  the  average 
resultant  of  the  cootdmate  difference  diiciepaocy.  shall  not  exceed  5mm; 

(d)  the  maximum  discrqiancy  in  the  resnhant  of  coordinate  differences  shall  not  exceed 
lOoxn; 

(e)  the  baseline  length  discrepancy,  with  reqiect  to  the  average  baseline  length,  shall  not 
exceed  5tnm;  and, 

(f)  the  maximum  discrepancy  is  basdine  length  shall  not  exceed  5mm. 

For  loop  closutes: 

(a)  at  least  three  indqmdem  observing  sesaons  shall  be  represented  in  each  loop; 

(b)  no  nxxe  than  four  baselines  shall  be  combined  to  form  a  loop; 

(c)  the  average  misckMute  in  any  compotKttt  dull  not  exceed  5nam; 

(d)  the  maximum  tnisciosure  in  any  cooaponent  shall  not  exceed  20mm; 

(e)  the  average  resultarumisckMute  shall  not  exceed  5mm; 

(f)  the  rnaxirnumiesoltaminiaclosate  shall  not  exceed  20Dsm; 

(g)  therms  (root  mean  square)  value  of  eadi  of  the  three  tnisciosure  components  shall  not 
exceed  and. 

(h)  all  of  the  baselines  shall  meet  the  oiteria,  noted  in  (a)  to  (g)  inclunve  above,  for 
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inclusion  in  a  loop. 

In  this  section  it  has  been  assumed  that  GPS  survey  observations  produced  by  the 
GPS  processing  software  are  in  the  form  of  three-dimensional  coordinate  differences. 
Some  GPS  processing  software  packages  are  capable  of  providing  network  solutions  (i.e. 
three-dimensional  coordinates  x,  y.  z  in  a  local  coordinate  system),  in  addition  to  or  instead 
of.  baseline  soludotts  (Le.  three-dimensional  coordinate  diffoences  dx,  dy,  dz).  It  shall  be 
acceptable  to  use  such  network  soludons  as  long  as  some  form  of  data  screening  (e.g. 
‘'data  snooping";  see  section  3.1.9)  has  been  built  in  to  the  software,  and  residuals  (or,  if 
possible,  standardized  residuals  upon  which  data  snooping  is  based)  are  computed  for  all 
of  the  baseline  solutions  so  that  poor  GPS  survey  data  can  be  deleted  or  down  weighted. 

3.1.9  Analysis  of  Data 

3.1.9. 1  The  analysis  of  data  in  defonnadon  surveys  shall  include: 

(a)  the  adjustmem  of  observatioos  made  in  each  epoch  in  onter  to  determine  coordinates  of 
points  and  associated  variance-covariance  matrices  plus  other  informadon  required  for 
the  localization  of  deformadoos;  and, 

(b)  the  localization  of  deformadons  between  chosen  epochs  in  order  to  determine 
stadstically  signiScant  poim  movements. 

Adjustment  and  localizadon  nuy  be  carried  out  by  separating  the  two-dimensional 
(horizontal)  analyses  from  the  one-dimensional  (verdcal)  analyses;  or,  three-dimensional 
analyses  (horizontal  and  vertical)  may  be  used. 

3. 1.9.2  The  following  estimated  standard  deviadons  shall  be  used  in  adjustments  of 
conventional  survey  observations: 

(a)  for  directions:  2  arc  seconds; 

(b)  for  zenith  angles  (ail  results  in  arc  seconds): 

V  ( (2)2 -►(  (0.3  •  206265  •  S)  /  2R  )2  ) 

when  simultaneous  or  near  simultaneous  zenith  angles  are  observed  and 
canceled  for  earth  curvature  and  computed  coefficient  of  refiracdon; 

V  ( (2)2  +  ( (0.6  *  206265  •  S)/2R  )2 ) 

when  1-way  zenith  angles  are  observed  and  corrected  for  earth  curvature  and 


computed  coefficient  of  refraction;  and, 

V  ( (2)2  +  ( (l.O  *  206265  *  S)  / 2R  )2 ) 

vdien  1-way  zenith  angles  are  observed  and  corrected  for  earth  curvature  and 
estitnated  coefficient  of  refraction  (value  of  0.13  often  used); 
with  S  the  af^xoxixnate  horizontal  distance  Qcm):  and, 

R  the  approximate  radius  of  the  earth  (6370  km); 

(c)  for  distances  measured  with  a  steel  or  invar  tape:  2  mm; 

(d)  for  measured  with  a  steel  tape,  invar  tape  or  invar  wire  measuring  unit: 

0.02  mm; 

(e)  for  distances  measured  with  a  subtence  bar  (result  in  mm): 

V  ( 2  •  (0  J)2  +  (5S2  •  10-3)2 ) 

with  S  the  q>proximate  hcxizontal  distance  (m);  aitd, 

(0  for  distances  measured  with  an  EDMl  (result  in  mm): 

V  ( (5)2 +  (2S5*  10-3)2) 

with  Sg  the  iq)proximaiB  qiatial  distance  (m). 

For  adjustments  involving  the  comlnnation  of  conventional  and/or  GPS  survey 
observatkms  with  phocogranunetiic  survey  observations,  the  photogrammetric  survey 
observations  shall  be  considered  lo  be  the  three-dimenskmal  coordinates  and  associated 
variance-covariance  matrix  in  a  local  (x,  y,  z)  coordinate  system  which  were  determine 
through  bundle  adjustmem  with  self-calibratkxL  The  phomgiamipetzic  survey  observations 
shall  be  given  as  previously  specified  so  that  the  combination  of  all  possible  types  of 
survey  data  (conventional,  photognmmetnc,  GPS)  can  easily  be  accomplished  in  a  survey 
network  adjustment  coaqwter  program  system. 

If  only  phtMogrammetric  survey  observations  have  been  made  in  a  particular 
deformation  survey  project,  free  network  constraints  (also  referred  to  as  "inner 
constraints")  diall  be  used  to  define  the  datum.  If  photogrammetric  survey  observations  are 
to  be  combined  with  conventional  survey  observadons,  the  danim  shall  be  defined  by  the 
constraints  to  be  used  in  the  conventional  survey  adjustment  (see  section  3. 1.9.5).  If 
photogrammetric  survey  observations  are  to  be  combined  with  GPS  survey  observations 
(with  or  without  conventional  survey  observaiioos),  the  GPS  survey  observations  shall  be 
used  to  define  the  datum  (see  below). 

For  adjustments  involving  GPS  survey  observations,  the  observations  shall  be 
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either. 

(a)  the  three-dimensional  coordinate  differences  and  the  associated  variance-covariance 
matrix  in  a  local  (x,  y,  z)  coordinate  system  for  each  baseline  observed;  or, 

(b)  the  three-dimensional  coordinates  and  the  associated  variance-covariance  matrix  in  a 
local  (x,  y,  z)  coordinate  system  for  the  entire  network. 

GPS  survey  observations  shall  be  given  as  specified  in  (a)  or  (b)  above  so  that  the 
combination  of  all  possible  types  of  survey  data  (conventional,  photogrammetric,  GPS) 
can  easily  be  accomplished  in  a  survey  network  adjustment  computer  program  system. 

In  any  deformadon  survey  network  in  which  GPS  survey  observations  arc  to  be 
combined  with  convendonal  and/or  photogrammetric  survey  observadons,  the  GPS  survey 
pbservarions  (x.  v.  z  or  dx.  dv.  dz  in  a  local  system)  shall  be  used  to  define  the  datum  fi.e. 
locadon.  orientarion.  scale).  This  choice  of  datum  is  the  most  convenient,  and  will  also 
ensure  that  there  will  be  no  network  distortions  which  would  almost  certainly  occur  if 
convendonally  determined  network  coordinates  were  used  to  define  the  datum.  The  only 
excepdon,  at  present,  to  the  previous  statement  is  that  the  z  (height)  component  is  more 
accurately  determined  by  convendonal  precise  levelling;  and,  in  addition,  the  GPS  height 
component  and  the  conventionally  determined  height  component  differ  by  the  change  in 
local  equipotendal  surface-local  ellqisoid  separation.  (This  change  may  amount  to  Icm/km 
in  mountainous  terrain.)  Because  of  the  factors,  if  GPS  survey  heights  are  to  be  used  with 
heights  determined  by  convendonal  precise  levelling,  all  GPS  survey  heights  shall  be 
corrected  for  change  in  local  equipotendal  surface-local  ellipsoid  separation.This  correction 
shall  be  determined  by  fitting  a  plane  to  three  well-^aced  points  at  which  both  GPS  survey 
heights  and  heights  fiom  convetuional  precise  levelling  have  been  determined. 

3. 1.9.3  The  network  adjustment  coo^ruter  program  system  shall  compute  the  following 
quantities: 

(a)  the  point  ccxnxiinates  and  their  associated  variance-covariance  matrix; 

(b)  the  point  error  ellipses; 

(c)  the  quadratic  form  of  the  residuals; 

(d)  the  total  redundancy  of  the  network;  and, 

(e)  the  estimated  global  variance  faeux’  ((cV(d)). 

If  the  netwOTk  adjustment  involves  only  conventional  survey  observatitms,  the  following 
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quantities  shall  also  be  computed: 

(f)  the  redundancy  number  of  each  observadtMt; 

(g)  the  “data  snooping"  value  for  each  observation; 

(h)  the  quadradc  fonn  of  residuals  for  each  t^}servauon  type  (Le.  direcdons,  zenith  angles, 
etc.); 

(i)  the  sum  of  redundancy  numbers  for  each  observadon  type;  and, 

(j)  the  esdmated  variance  factor  for  each  observadon  type  ((h)/(i)). 

3. 1.9.4  The  adjustment  of  observations  and  localization  of  deformations  shall  be 
performed  in  two  suges.  The  first  suge  shall  be  the  adjustment  of  observations  and 
localization  of  deformations  in  the  reference  networic.  The  second  stage  shall  be  the 
adjustment  of  observadons  and  localizadon  of  defmnadons  in  the  entire  network. 


3.1.9.S  In  the  adjustment  of  observadons  in  the  reference  network,  ail  the  reference 
network  points  and  all  the  observations  directly  connecting  reference  network  points  shall 
be  included  in  the  adjustmenL  Oidinary  minunam  constraints,  or  free  network  constraints 
(also  often  referred  id  as  "inner  oonstraints"),  shall  be  used.  Otdinaiy  mininnim  constraints 
for  networks  in  whidi  only  oonvendonal  survey  observadons  have  been  marfr  are: 
lYPgQfBCrwak  onlinarv  ndnimum  consttaintfs^ 

II)  (z)  z  1  point  fixed 

2D  (x,y)  with  distances  x  and  y  of  1  point  fixed; 

azimuth  to  2nd  point  "fixed" 


(standard  deviation  of  azitnuth  ^0.1") 
2D  (x,y)  without  distances  xandy  of  2  points  fixed 
3D  (x,y,z)  with  distances  x,yandzofl  point  fixed; 


azimuth  and  zndth  angle  to  2nd  point  "fixed"; 
aenidt  an^  10  M  pmnt  "fixed" 


(standard  deviations  of  azimuth  and  zenith 
angles*  0.1") 

3D  (x,y,z)  without  distances  x,y  and  z  of  2  points  fixed; 

x,y  or  z  M  point  fixed 

For  two-dimensional  and  three-diinensioaal  networks  these  oidinary  minimum  constraints 
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shall  be  applied  to  points  on  opposite  sides  of  the  network.  If  "data  snooping"  values 
(standardized  residuals)  are  computed,  the  observations  corresponding  to  all  such  values 
which  are  greater  than  4  shall  be  examined  carefully  as  possible  blunders.  Special  attention 
shall  be  paid  to  observations  flagged  for  future  reference  at  all  time  the  observations  were 
made.  (See  section  3.1.7.)  All  observations  identified  as  blunders  shall  be  deleted  from  the 
adjustment,  and  the  adjustment  shall  be  rerun.  One  should  expect  the  estimated  global 
variance  factor  (section  3. 1.9 .3  (d))  and  the  estimated  variance  factors  for  each  observation 
type  (section  3. 1.9.3  (i))  to  be  close  to  1.  If  estimated  variance  factors  for  each  observation 
type  are  computed  and  if  any  are  less  than  0.5  or  greater  than  2.0,  all  of  input  variances 
shall  be  rescaled  by  the  ratios  (estimated  variance  factor  of  observation  type)  /  (estimated 
global  variance  factor)  and  the  adjustment  rerun.  All  epochs  of  observations  shall  be 
adjusted  in  the  same  manner  with  regard  to  constraints  applied,  "data  snooping"  and 
rescaling  of  input  variances. 

3. 1.9.6  For  the  localization  of  deformations  in  the  reference  network  the  same  minimum 
constraints  shall  have  been  applied  in  the  two  epochs  being  analysed.  The  localization  of 
deformations  shall  be  performed  by  a  global  test  and  a  number  of  local  tests  (one  for  each 
unconstrained  point)  of  the  quadratic  forms  of  the  coordinate  differences  between  epochs. 
(The  localization  of  deformations  is  described  in  Teskey  (1988)  which  is  cited  in  the 
Preface.)  If  ordinary  minimum  constraints  are  used  instead  of  free  network  constraints,  the 
localization  of  defotmation  results  from  several  combinations  of  ordinary  minimum 
constraints  shall  be  examined  to  ensure  the  stability  of  reference  points  between  epochs. 
Any  reference  points  which  are  shown  not  to  be  stable  between  epochs  shall  be  excluded 
from  the  reference  network. 

3. 1.9.7  In  the  adiustment  of  observations  in  the  entire  network,  the  constraints  shall  be 
cither 

(a)  all  reference  network  points,  shown  to  be  stable  by  the  procedure  described  in  section 

3. 1.9.6.  fixed;  or, 

(b)  ail  reference  network  points,  shown  to  be  stable  by  the  procedure  described  in  section 

3. 1.9.6,  foiming  the  free  network  COTiputational  base. 

(Application  of  constraints  (a)  above  will  result  in  the  network  being  slightly 
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overconstrained;  this,  however,  will  have  only  a  small  effect  on  the  deformation  analysis 
since  the  stability  of  these  points  have  been  confirmed  by  the  procedure  described  in 
section  3. 1.9.6.)  Examination  of  "data  snooping"  values  and  rescaling  of  input  variances 
for  each  epoch  of  observations  shadl  be  the  same  as  that  described  in  section  3. 1 .9.5. 

3. 1.9.8  For  the  localization  of  deformations  in  the  entire  network  the  same  constraints 
shall  have  been  applied  in  the  two  epochs  being  analyzed.  The  global  test  and  local  tests  for 
deformation  <hall  be  the  s*me  as  those  referred  to  in  section  3. 1.9.6.  The  final  results  are 
apparent  movements  of  all  objea  points  (and  any  excluded  reference  points),  and  the 
results  of  the  localization  test  for  each  of  these  points  which  indicate  whether  or  not  the 
point  movements  are  statistically  significanL  (If  desired,  the  same  localizadon  test  can  be 
applied  to  movements  of  groups  of  points,  but  it  is  recommended  that  this  only  be  done  if 
one  has  afxiori  information  that  a  movement  of  a  group  of  ptnnts  might  have  occurred.) 

3.1.10  Presentation  of  Results 

3.1.10.1  The  results  of  each  defocmation  survey  project  shall  be  accomoanied  by  a  project 
report.  Any  deviations  from  the  specifications  given  in  this  document  (e.g.  input  standard 
deviations  of  observations)  shall  be  described  in  the  prvjea  npon. 

3.1.10.2  It  shall  not  be  necessary  to  include  the  survey  observations  except  when  GPS 
survey  observations  have  been  used.  All  GPS  survey  data  obtained  shall  be  submined,  on 
the  anginal  media,  with  the  project  repon,  along  with  the  complete  set  of  handwritten  field 
logs  (see  secticm  3. 1.7.9). 

3. 1.10.3  The  project  report  shall  include  a  tabular  surrsnary  of  each  network  adjustment. 
Each  such  summary  shall  include: 

(a)  the  constraints  applied; 

(b)  the  point  names; 

(c)  the  adjusted  point  coonlinaies  10  the  nearest  0.1  mm; 

(d)  the  standard  deviations  of  point  ooordinues  to  the  nearest  0.1  mm; 

(e)  the  dimensions  ofeiror  ban  (at  the  one  standard  deviation  level)  10  the  nearest  0.1  mm 
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for  one-dimensional  network  point  coordinates  (same  as  (d)  for  one-dimensional 
networks),  the  dimensions  of  axes  of  enor  ellipses  (at  the  one  standard  deviation  level) 
to  the  nearest  0.1  mm  plus  orientation  angle  to  the  nearest  0.1  degree  for 
two-dimensional  network  point  coordinates  and  the  dimensions  of  axes  of  error 
ellipsoids  (at  the  one  standard  deviation  level)  to  the  nearest  0. 1  mm  plus  out-of-plane 
angles  to  the  nearest  0. 1  degree  for  three-dimensional  network  point  coordinates; 

(0  the  quadratic  form  of  the  residuals; 

(g)  the  total  redundancy  of  the  network;  and, 

(h)  the  esdmaied  global  variance  factor  ((fy(g)). 

If  network  adjustments  involve  only  conventional  survey  observations,  the  following 
quantities  shall  also  be  included  in  the  tabular  summaries  of  network  adjustments; 

(i)  tlM  redundancy  number  of  each  observation; 

(j)  the  "data  siK>oping‘*  value  for  each  observation; 

(k)  the  qiudratic  form  of  residuals  for  each  observation  type  (Le.  directions,  zenith  angles, 
etc.); 

0)  the  sum  of  redundancy  numbers  for  each  observation  type;  and, 

(m)  the  estimated  variance  factor  for  eadi  observation  type  ((k)/(l)). 

In  network  adjustments  of  conventional  survey  observations  in  which  systematic  errors 
(e.g.  EDMI  additive  constant)  have  been  parametrized,  the  sdudon  for  the  parameters  and 
their  full  variance-covariance  matrix  shall  also  be  givea 

3.1.10.4  The  project  repon  shall  include  a  tabular  summary  of  each  localization  of 
deformations.  Each  such  simmary  shall  include: 

(a)  the  constraints  ^hed  in  the  two  network  adjustments; 

(b)  the  point  names; 

(c)  the  apparent  di^lacements  10  the  nearest  0.1  mm  and  associated  directions  (with  those 
statistically  significant  flagged)  to  the  nearest  0.1  degree;  and, 

(d)  the  dimensions  of  error  ban  (at  the  one  standard  deviation  level)  to  the  nearest  0.1  mm 
for  one-dimensional  network  point  displacements,  the  dimensions  of  axes  of  error 
ellipses  (at  the  one  standard  deviation  level)  to  the  nearest  0.1  mm  plus  orientation 
angle  to  the  nearest  0. 1  degree  for  two-dimensional  network  point  displacements  and 
the  dimensions  of  axes  of  error  ellipsoids  (at  the  one  standard  deviation  level)  to  the 
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nearest  0.1  mm  plus  out-of*plane  angles  to  the  nearest  0.1  degree  for 
duee-dimensional  network  point  displacements. 

3.1.10.5  The  project  report  shall  include  figures  with  plan  or  cross-sectional  views 
showing  the  outline  of  the  structure,  the  location  of  deformation  network  points  and  their 
names.  All  reference  points  shall  be  denoted  by  one  symbol;  all  object  points  shall  be 
denoted  by  a  different  symbol.  Movements  shall  be  plotted  as  vectors  with  their  associated 
error  bars  or  error  ellipses.  Statistically  significant  movements  shall  be  flagged.  Only 
displacements  between  two  chosen  epochs  shall  be  plotted  on  a  given  figure.  Displacement 
contours  shall  not  be  plotted.  ' 

The  project  repon  shall  also  include  figures  showing  one-dimensional  cumulative 
displacements  of  certain  points  in  certain  critical  directions  versus  time.  The  error  bar  I 

associated  with  each  cumuladve  displacement.shall  be  plotted  with  the  displacement  Data  i 

from  all  deformation  analyses  performed  on  the  project  shall  be  included.  Statistically 
significant  cumulative  displacements  shall  be  flagged.  (Critical  one-dimensional  cumulative 
displacements  might  be,  for  exaiqtle.  movements  in  the  down^ream  and  vertical  directions 
of  a  small  number  of  points  on  the  crest  of  a  dam,  or  movements  in  the  downhill  and  j 

vertical  diiecdons  of  a  small  number  representative  points  in  a  slide.) 

I 

1 

3.2  Second  Order  Specifications 

i 

i 

The  second  order  specifications  cmttained  in  the  subsequent  sections  (sections  32. 1 
to  32.10  inclusive)  are  the  sartK  as  die  first  order  ^tecificadons  exoqii  for  reladvely  minor 
changes  teladng  mainly  to  monumentadon,  convendonal  defotmadon  surveys  and  analysis 
of  data.  This  approach  is  followed  because  for  all  types  of  defonnadon  surveys,  and  for 
photogrammetric  defonnadon  surveys  and  GPS  defonnadon  surveys  in  pardcular,  if  less 
than  a  very  good  netwwk  design  and  less  than  very  good  observadonal  condidons  are 
encountered,  the  first  order  standard  will  not  be  attained.  On  this  basis  the  first  order 
standard  should  be  considered  the  best  attainable  using  the  current  state-of-the-an 
procedures,  and  the  second  order  standard  should  be  oonsideied  die  minimum  accefnable. 
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3.2.1  Deformation  Network  Design 

Defonnation  network  design  will  be  the  same  as  that  described  in  section  3.1.1. 

3.2.2  Monumentation 

Monumentation  shall  be  the  same  as  that  described  in  section  3.1.2  with  the 
following  exceptions: 

(a)  The  use  of  insulation  material  on  the  above-ground  portion  of  cast-in-place  reinforced 
concrete  piles  or  steel  pipe  piles  driven  to  refusal  (see  section  3. 1.2.3)  shall  not  be 
necessary. 

(b)  It  shall  be  permissible  to  use  the  HSS  with  helix  base  (see  section  3. 1.2.5)  for 
reference  points  in  earth  instead  of  cast-in-place  reinforced  concrete  piles  or  steel  pipe 
piles  driven  to  refusal 

(c)  Either  one  of  the  following  may  be  used  as  object  points  in  earth: 

(i)  the  HSS  with  helix  base;  or, 

(ii)  nominal  18  mm  diameter  smooth  steel  bars. 

The  bars  shall  be  driven  to  ”refusal"  with  a  large  hammer.  The  bars  shall  be  installed  in 
1  m  long  secdons  using  a  steel  cap  to  protect  the  5/8  inch  diameter  1  INC  threads  as  the 
sections  are  driven  into  the  ground.  The  first  section  of  bar  for  each  installation  shall 
have  a  sharp  point  machined  at  one  end.  The  sections  shall  be  threaded  together  and 
the  threads  shall  be  locked  using  a  quick  setting  thread  sealant  or  a  quick  setting  epoxy 
adhesive.  Consideration  should  be  given  to  protecting  the  threads  of  the  last  secnon  of 
bar  with  a  cap  during  the  time  survey  equipment  is  not  attached. 

3.2.3  Targetting 

Targetting  shall  be  the  same  as  that  described  in  section  3.1.3. 

3.2.4  Instrumentation 

Instrumentation  shall  be  the  same  as  that  described  in  section  3.1.4. 
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3.2.5  Equipment  Adjustment 

Equipment  adjustment  shall  be  the  same  as  that  described  in  section  3.1.5. 

3.2.6  Instrument  Calibration  and  Standardization 

Instrument  calibration  and  standardization  shall  be  the  same  as  that  described  in 

section  3.1.6  with  the  following  exceptions: 

(a)  It  not  be  necessary  to  standardize  steel  or  invar  tapes,  or  the  distance  between  the 
targets  at  each  end  of  a  subtense  bar. 

(b)  EDMI  scale  error  may  be  determined  along  with  additive  constant  in  a  baseline 
calibration.  Le.  it  shall  not  be  necessary  to  determine  EDMI  scale  error  by  measuring 
the  actual  frequency  output  of  the  EDML  k  riiall  also  not  be  necessary  to  determine  the 
EDMI  cyclic  error. 

(c)  A  "rod  constant"  ithxll  be  determined  at  die  beginning  of  a  deformation  survey  project 
from  five  left  scale  and  right  scale  readings  t^ken  between  1  m  and  2  m.  The  same  "rod 
constant"  for  a  given  tod  shall  be  applied  diroughout  the  projecL  It  shall  not  be 
necessary  to  keep  a  permanent  record  of  the  "rod  constant".  It  shall  also  not  be 
necessary  to  standardize  each  precise  levelling  rod. 

3.2.7  Observational  Procedures 

Observadonal  procedures  shall  be  the  same  as  those  described  in  section  3.1.7  with 

the  following  excepdtms: 

(a)  It  shall  not  be  necessary  to  use  lighting  equipment  in  theodolites  or  subtense  bars. 

(b)  It  shall  not  be  necessary  to  use  umbrellas  to  shade  instruments  from  direct  solar 
radiation. 

(c)  It  shall  not  be  necessary  to  observe  zenith  angles,  from  which  height  differences  are  to 
be  determined,  only  between  10AM  and  3PM. 

(d)  It  shall  not  be  necessary  to  measure  pressure  and  temperature  at  both  ends  of  a  line 
being  measured  with  an  EDMI.  Le.  in  all  cases  it  shall  only  be  necessary  to  measure 
pressure  and  tenqrerainte  at  the  instrument  station. 


Iipi^piir^  ^!UJ  Ml  ,p  '  ^  -..if* 
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(e)  It  shall  not  be  necessary  to  use  two  theodolites  in  a  near  simultaneous  mode  to 
determine  height  differences  from  zenidi  angle  observations. 

3.2.8  Preprocessing  of  Data 

Preprocessing  of  data  shall  be  the  same  as  that  described  in  section  3.1.8  with  the 

following  excepdons: 

(a)  The  following  rejecdon  test  shall  be  applied  to  all  angular  observadons  made  with  a 
theodolite  (direcdons  and  zenith  angles):  if  a  reduced  angular  observadon  differs  from 
the  mean  reduced  angular  observadon  by  more  than  4",  the  angular  observadon  shall 
be  rejected  and  the  entire  set  of  angular  observadons  reobserved. 

(b)  The  following  rejecdon  test  shall  be  applied  to  each  distance  measured  with  a  steel  or 
invar  ope:  if  the  difference  between  the  two  independently  measured  distances  is 
greater  than  5  mm,  both  distances  shall  be  rejected  and  the  distance  reobserved. 

(c)  The  following  rejecdon  test  shall  be  applied  to  each  distance  measured  with  a  steel 
tape,  invar  or  invar  wire  measuring  unit:  if  the  difference  between  the  two 
independently  measured  distances  is  greater  than  0.05  mm,  both  distances  shall  be 
rejected  and  the  distance  reobserved. 

(d)  The  following  rejecdon  test  shall  be  applied  to  each  distance  measured  with  an  EDMl: 
if  the  maximum  difference  among  the  four  independently  measured  distances  is  greater 
than  8  mm.  all  the  distances  shall  be  rejected  and  the  distance  reobserved. 

(e)  The  following  rejecdon  tests  shall  be  q>|died  at  each  setup  of  the  automatic  level: 

(i)  the  difference  between  die  readings  on  the  left  scale  and  the  right  scale  of  the  rod 
shall  be  within  0.3  mm  of  the  "rod  constant"  (see  secdon  3.2.6);  and, 

(ii)  the  difference  between  the  height  difference  computed  from  the  BS  (backsight) 
and  FS  (foresight)  readings  on  the  left  scale  of  the  rod  and  the  height  difference 
computed  from  the  BS  and  FS  readings  on  the  right  scale  of  the  rod  shall  not  be 
greater  than  0.3  mm. 

It  shall  not  be  necessary  to  apply  any  further  rejection  tests  to  spirit  levelled  height 

difference  measurements. 
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3.2.9  Analysis  of  Data 

Analysis  of  data  shall  be  the  same  as  that  described  in  section  3.1.9  with  the 
following  exceptions: 

(a)  The  following  estimated  standard  deviations  shall  be  used  in  the  adjustments  of 
oonvendonal  survey  observations: 

(i)  fordirections:  3  arc  seconds; 

(ii)  for  zenith  angles  (all  results  in  arc  seconds): 

V  ( (3)2  +  ( (1.0  *  206265  *  S)  /2R  )2 ) 

when  1-way  zenith  angles  are  observed  and  corrected  for  earth  curvature 
and  computed  coefficient  of  refracdon;  and. 

'^  ( (3)2  +  ( (IJ  *  206265  *  S)  /  2R  )2 ) 

when  1-way  zenith  angles  are.observed  and  corrected  for  earth  curvature 
and  fistunatfid  coefficient  of  refiacdon  (value  of  0.13  often  used); 
with  S  the  approximate  horizontal  distance  (km);  and, 

R  the  approximate  radius  ci  die  earth  (6370  km); 

(lii)  for  distances  measured  with  a  steel  or  invar  Q^pe:  S  mm;  and. 

(iv)  for  distances  measured  with  a  steel  tape,  invar  tq>e  or  invar  wire  measuring  unit: 
0.05  mm. 

(b)  It  shall  not  be  necessary  that  the  network  adjustment  corpputer.  program  system 
compute  items  (f)  to  (j)  inclusive  of  secdon  3.1.93. 

(c)  The  localizadon  of  defortnadons  in  the  reference  network  and  the  entire  netwmk  may 
be  performed  by  the  localizadon  method  lefened  to  in  secdon  3.1.9.6;  or,  by  the  error 
ellipse  method,  in  which  any  displacement  ^tending  outside  the  boundary  of  an  error 
ellipse  corresponding  to  the  point  di^ilacement  at  a  prechosen  confidence  level 
(usually  95%)  is  deemed  to  be  statistically  significaru. 

3.2.10  Presentation  of  Results 

Presentadon  of  results  shall  be  the  same  as  that  described  in  secdon  3.1.10  with  the 
following  excepdon;  it  shall  not  be  necessary  that  the  project  report  include  items  (i)  to  (m) 
inclusive  of  secdon  3.1.10.3. 
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FRENCH  LEGISLATION  ON  INSPECTION  AND  SURVEILLANCE  OF  DAMS 


French  Legislation  on  Inspection  and  Surveillance  of  Dams 
(from  ICOLD,  [1989,  pp.  91-94]) 


1.  General 


French  law  requires  inspection  and  surveillance  of  dams  that  might  affect  public  safety. 

The  instructions  are  set  out  in  an  "interministry  circular"  dated  14  August  1970  bringing  up  to 
date  earlier  circulars  of  1927  and  1928. 

The  circular  applies  to  all  dams  more  than  20  m  high  (above  natural  ground  level)  and  to  all 
others  whose  failure  would  have  serious  consequences  to  human  life. 

The  surveillance  of  a  dam  is  the  responsibility  of  its  owner. 

A  special  Government  Dq)artment  ensures  that  tills  surveillance  is  properly  carried  out  by  the 
owner. 


2.  Principle  Instructions  in  the  Circular 


2.1  Owner  Records 


The  owner  must  create  or  keq>  up-to-date  records  containing  all  documents  relating  to  the 
structure,  including  construction  drawings,  results  of  geological  and  geotechnical  investigations, 
hydrological  data,  description  of  maintenance  and  rqiair  works,  drawings  of  the  instruments, 
results  of  the  measutements,  documents  relating  to  reservoir  operation  etc. 

2.2  First  Filling 


Proposals  for  procedures  during  first  filling  must  be  approved  by  the  Comiti  Technique 
Permanent  des  Barrages  (Permanent  Technical  Committee  on  Dams),  an  interministerial 
committee  created  in  1966.  The  proposals  must  be  submitted  at  the  same  time  as  the  design  of 
the  project 

The  proposals  have  to  include: 

(1)  description  and  layout  of  instruments, 

(2)  filling  programme  including  pauses  for  measurements, 

(3)  reading  fiequency,  and 


(4)  stq}s  to  be  taken  in  case  of  problems  (emergency  drawdown,  who  is  to  be 
informed) 

The  owner  must  report  fiilly  to  the  Government  Department  within  6  months  after  filling,  and 
the  report  must  contain  a  complete  analysis  of  the  behaviour  of  the  dam  during  the  first  filling. 

It  is  amplified  as  necessary  in  an  operator's  annual  report 


23  Operator’s  Register 


This  basically  consists  of: 

(1)  periodic  inspecdons  of  the  structure,  surrounding  area  and  discharge  equipment, 
and 

(2)  instrument  readings. 

The  frequency  of  inspecdons  depends  on  the  size  of  the  dam  and  the  occurrence  of  problems. 

The  operator's  annual  report  must  be  sent  to  the  Govenunent  Dq)artment,  giving  the  informadon 
in  the  operator’s  register  and  the  results  of  measurements.  Every  two  years,  this  rqxirt  must 
contain  a  full  analysis  of  the  dam’s  behaviour. 


2.4  Visits  by  the  Govemment  Department 


The  Govemment  Dq>artment  makes  at  least  one  visual  in^rection  of  each  dam  annually  widi  die 
operator. 

Within  5  years  after  first  filling,  die  Govemment  Department  makes  a  full  inspecdon  of  each 
dam.  This  includes  inspecdon  of  parts  normally  submerged.  Thereafter,  this  inspecdon  is 
repeated  every  10  years. 

In  principle,  such  inspecdons  require  the  reservoir  to  be  empded.  However,  if  this  would  cause 
serious  problems,  miniature  submarines  or  underwater  TV  can  be  used. 


2.5  Special  Rules  for  Old  Dams 


Old  dams  were  not  bidlt  on  modem  design  criteria.  Many  have  litde  or  no  instmmentadon,  even 
though  safety  factors  are  lower  dun  would  be  expected  today. 


The  circular  of  14.08.70  provides  of  a  special  review  of  these  dams.  Each  Government 
DepartnKnt  has  to  list  the  dams  thought  to  need  such  review  and  give  an  order  of  priority.  The 
owner  is  then  invited  to  commission  a  report  by  engineers  or  consultants,  containing  inter  alia 
reconunendation  on  the  instruments  to  be  installed.  The  report  is  submitted  to  the  Permanent 
Technical  Committee  on  Dams. 
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1.  INTRODUCTION 


This  document  is  a  specification  for  undertaking  three  dimensional 
deformation  monitoring  surveys  on  Electricorp  Productions  (a  division  of  the 
Electricity  Corporation  of  NZ  Ltd.)  Arapuni  Power  Station  which  includes 
the  various  Arapuni  structures  and  the  surrounding  country.  Arapuni  Power 
Station  is  on  the  Waikato  River  between  Waipapa  (upstream)  and  Karapiro 
Dams.  This  specification  details  the  various  survey  components,  appropriate 
instruments  and  field  techniques,  sets  accuracy  standards,  describes  suitable 
computational,  adjustment  and  analysis  methods  and  specifies  the  formats 
for  reporting  on  such  surveys.  Appendix  13  shows  a  resume  of  techrucal 
details  of  the  Arapuni  Power  Station. 

2.  DESCRIPTION  OF  SURVEY  COMPONENTS 

The  complete  deformation  survey  is  made  up  of  a  number  of  components 
which  are  described  below.  Appendix  2  tc  6  (App.2-6)  shows  the  location  of 
the  survey  pillars.  Bench  Marli  (BM‘s)  and  structure  points  that  make  up  the . ; , 
monitoring  network.  In  this  specification  surv'ey  station  names  are  shdwn  in  :•  %• 
Italics.  The  first  surveys  were  uixdertaken  at  Arapuni  in  1931;  1949  and  1960:  .^r.  ' 
In  1975  the  nehA'ork  was  improved  and  extended  with  the  construction  of  ' 
survey  pillars  replacing  ground  blocks.  The  emphasis  of  the  early  surveys  at 
Arapuni  were  on  horizontal  monitoring  with  vertiod  morvitoring  being 
mairly  from  1975.  During  the  station  reimbursement  from  19S9  to  1990  the 
network  w’as  inaeased  to  monitor  all  the  major  structures  during  and  after 
the  station  commissioning. 

2.1  CONTROL  LEVELUNG 

The  vertical  monitoring  of  the  network  is  based  on  precise  levelling  from  a 
number  of  B.M's  surrounding  the  various  Arapuru  structures.  Appendix  2 
shows  the  overall  layout  of  these  BM’s  with  .App.3-6  showing  the  main 
strucaires  in  more  detail.  The  levels  are  based  on  Moturiki  dahim.  The  full 
levelling  network  co\  ers  an  area  of  appro.x.  1.5  square  km  from  the  dam  in 
the  south  to  Lhe  downstream  Waikato  river  bridge  in  the  north,  from  200m 
west  of  the  spillway  in  the  u-est  to  the  centre  of  Arapuni  village  in  the  east. 

The  levelling  is  made  up  of  many  interlocking  circuits  which  traverse 
through  all  of  the  main  structures  w'lth  numerous  B.M's  and  pillars  levelled  in 
the  general  ridge  area  between  the  headrace  and  the  Power  House  (PH). 
Some  of  the  levelling  lines  are  done  one  way  only  but  are  included  in 
circuits.  Arapuni  Fundamental  BM  (in  village)  is  the  area  origin  with  pillar  G 
to  the  west  occasionally  used  as  origin  for  some  recent  surveys.  BM  A 822  to 
the  north  east  of  the  village  was  part  of  the  circuit  in  19S5  but  will  be  omitted 
in  future.  Precise  reciprocal  vertical  angles  axe  used  to  tra.nsfor  the  levels 
across  the  tailrace  from  pillars  81  to  84  just  upstream  of  the  PH. 


2.2  STRUCTURE  LEVELLIN’C 


The  precise  levelling  of  Uie  strucnirc  points  involves  levelling  five  pins  on 
the  dam  crest,  eighteen  pins  on  the  PH  floor,  six  pir\s  on  the  PH  roof,  eight 
pins  on  the  spillway  structure,  eight  pii\s  on  the  headrace  intake  structure, 
seven  pins  on  the  tailrace  weir  (more  if  flows  are  very  low).  Appendix  7 
shows  a  schedule  of  what  BM’s  and  structure  points  are  levelled  in  the 
different  survey  types.  The  spillway  and  headrace  intake  levelling  is 
included  in  the  control  levelling  routes. 

2.3  HORIZONTAL  CONTROL 

The  horizontal  control  for  the  network  is  based  on  twenty  seven  survey 
pillars,  and  one  beaconed  trig  station  {Trig  A  No.2).  The  seven  pib^rs  D,  E,  f, 
G,  ],  M,  N  and  Trig  A  No.2  form  an  outer  network  with  numerous 
interlocking  lines.  However  tree  growth  within  the  area  since  the  last  full 
survey  of  this  network  of  19S5  has  meant  that  many  of  the  lines  would 
require  prohibitive  clearing  and  so  a  minimum  requirement  of  lines  between 
these  pillars  is  shown  in  App.2.  Within  this  network  are  other  networks  of 
pillars  (spi  section  2.4)  that  moiutor  various  structures.  These  are  all 
interlmked  v*itl  ‘he  outer  network.  Some  of  these  pill^.  arc  shown  in  App  J.. 
By  triang^ila  -  jn  techniques  the  survey  piUam,are^c9prdi^ti|^  iii  a  Type^ 

A  survey  from  probably  G  a^  Trig  A  No.2  held  at  previous  on 
the  NZ  Map  Grid.  -  T£*'.' xtir  ' ' ^  - 

2.4  HORIZONTAL  COORDINATION  OF  STOUCTURE  foiNTS 


The  following  points  on  structures  are  coordinated  in  a  Type  A  survey  (see 
3,).  The  five  points  on  the  upstream  crest  of  the  dam,  three  points  in  a  line  on 
three  of  the  five  downstream  piers  of  the  spillway  structure,  seven  poinb  on  - 
the  headrace  intake  structure,  four  points  on  B\e  PH  roof  (these  are  not  the 
levelled  points)  and  up  to  nine  (possibly  only  three  out  of  the  water)  on  the 
tailrace  weir.  From  1975  the  regular  annual  monitoring  at  Arapuiu  has  been 
on  a  survey  called  the  "Ridge  Survey"  which  consists  of  two  near  parallel 
lines  (approx.  130m  apart  ruiming  east/west)  which  run  through  either  end 
of  the  PH  (the  four  PH  roof  points  are  in  this  surv'ey)  and  have  their  terminal 
pillars  on  the  right  bank  above  the  PH  and  some  200m  west  of  the  spillway. 
These  two  lines  of  marks  are  called  A1  (east)  to  A6  being  the  northern  line 
and  B1-B6.  All  except  the  four  PH  roof  points  {A&B,  26r3)  are  pillars  with 
A&B  (4.5&5A)  being  on  the  ridge  behveen  the  headrace  and  the  PH.  The 
results  of  the  ridge  survey  have  in  the  past  orUy  been  presented  as  distances 
and  changes  between  points  on  each  line  and  offsets  axtd  changes  from  the 
line  between  the  terminal  pillars.  The  recent  horizontal  monitorii^  of  the 
above  mentioned  structures  (except  the  dam)  is  either  from  some  of  these 
ridge  survey  pillars  or  from  additional  pillars  installed  since  1989.  The 
horizontally  monitored  structure  points  are  coordiiuited  by  either  directions 
and  in  some  cases  distances  from  at  least  one  pillar.  In  the  Type  A  spillway 
survey  the  points  C2-C4  are  set  up  on  and  distance  measurements  made  to 
C2-C5.  Appendix  S  shows  a  schedule  of  pillar  and  structure  point  directior\s 


and  distances  for  Uie  different  survey  types.  The  results  from  the  spillway 
siir\  c\  are  also  expressed  as  distance,  offsets  and  changes  oehveen  other 
points  on  the  line  and  offsets  between  the  terminal  pillars.  All  of  the 
structure  points  described  abo\‘e  are  precise  levelled  except  the  four  PH  roof 
points.  The  pillars  £  and  A1  have  moved  in  the  past  and  these  are  referenced 
to  nearby  points  (Block  E  is  adjacent  to  pillar  £)  with  Pin  57  on  the  swing 
bridge  anchor  being  close  to  >11.  The  four  terminal  pillars  of  the  ridge  survey 
have  a  series  of  four  buried  iron  tubes  close  by  and  on  line  to  two  of  the  other 
terminal  pillars.  They  were  set  up  around  1975  to  check  on  possible 
movements  of  the  pillars.  It  is  not  anticipated  that  these  points  will  be 
surveved  again  and  so  there  is  no  further  reference  to  them  in  this 
specification. 

2.5.  OPTICAL  PLUMBING  OF  SHAFTS 

Two  of  the  vertical  shafts  in  the  ridge  area  have  points  in  place  to  check  for 
tilting  of  the  country'  by  optical  plumbing  methods  from  the  bottom  of  the 
shafts  The  shaft  positions  are  shown  on  App.2-3.  Appendix  9  shows  . 
photographs  of  the  optical  plummet  and  the  gridded  target  on  the  shaft  '  . 
ceiling.  Appendix  10  shows  details  of  nearby  reference  marks  to  -the'  ^ 
plumbing  points  set  up  in  case  the  plummet  moimting  points  or  targets  were.: 
damaged.  -  ^ 

3.  SURVEY  TYPES  .  ^ 

The  extent  and  frequency  of  the  deformation  surveys  at  Arapuni  are  defined 
by  three  surv'ey  types.  Type  A  surveys  are  undertaken  every  six  years  and 
comprise  all  components.  Type  B  surv'eys  are  undertaken  aimually  and  are  .  ’  - 
generally  restricted  to  the  structures.  Type  C  survey's  are  intended  to  be 
imdertaken  in  an  emergency  situation  (eg.  following  a  significant 
earthquake)  and  are  designed  to  do  a  mirumum  of  field  work  to  detect  any 
significant  deforma tior\s.  Appendix  1  shows  a  table  of  all  survey 
components,  a  history  of  when  they  were  and  proposed  to  be  next  sur\*eyed. 
Following  is  a  detailed  description  of  the  extent  of  each  survey  ty-pe.  It 
should  be  pointed  out  that  Type  C  survey  components  are  included  in  a  Tvpe 
A  and  B  and  Type  B  survey  components  are  included  in  a  Type  A  sun-ey. 

3.1  TYPE  A  SURVEYS 

Type  surveys  are  undertaken  in  appro.ximately  August  every  six  years 
(next  survey  in  1997)  and  include  all  the  levelling  as  shov.-n  in  App.2-7,  the 
full  horizontal  network  as  shown  in  App.2-3  and  the  structure  point 
coordination  described  above  and  shown  in  App.3-6  and  as  per  the  schedule 
in  App.S.  The  optical  plumbing  in  the  two  shafts  is  also  undertaken.  These 
Type  A  surveys  will  check  on  deformations  over  a  wider  area  than  the 
armual  Type  B  surveys  and  will  check  on  the  validity  of  the  assumptions  of 
control  mark  stability  made  in  the  previous  five  annual  surveys. 


s.ziTrn  B  SURVEYS 

Type  B  surv  eys  are  undertaken  in  approximately  August  annually.  They  are 
designed  to  provide  an  annual  statement  oii  the  integrity  of  the  Arapuni 
structures  from  a  miramum  of  field  work.  Generally  the  same  structure 
points  are  levelled  and  coordinated  as  in  a  Type  A  survey  except  they  are 
fixed  from  fewer  observations  from  BM’s  and  pillars  that  are  assumed  to  be 
stable  (albeit  with  some  checks)  at  previous  values.  The  levelling  is 
undertaken  in  six  separate  unconnected  areas  viz;  the  dam,  spillway, 
headrace  intake,  ODS  ridge  area,  PH  floor  and  tailrace  weir.  Appendix  7 
shows  a  schedule  of  what  marks  are  levelled  in  a  Type  B  survey  and  the 
plarts  in  App.  3-6  show  the  various  routes.  The  PH  roof  levelling  is  not  done. 
All  of  the  levelling  in  these  areas  conunence  at  adjacent  BM’s,  pillars  or  pins 
that  are  cormected  during  the  Type  A  sur\-eys.  In  a  Type  B  horizontal  surx^ey 
eight  of  the  twenty  seven  pillars  are  occupied.  These  are  pillars  A2,  A6.  Bl, 
B6,  Sfcps,  ODS,  C5  and  B.  Both  direction  and  distance  obsen-atiorts  shall  be 
made  between  these  pillars  and  to  others  (where  applicable)  to  provide 
checks  on  their  stability.  From  these  pillars  direction  and  distance 
obserx'atiorrs  are  made  to  all  the  structure  points  described  in  2.4  above 
except  for  two  of  the  four  PH  roof  points.  The  number  of  tailrace  weir  points; 
coordinated  w'ill  depend  on  the  tailrace  flows  at  the  time.  Appendix  S  shows  , 
the  schedule  of  observations  for  a  Type  B  survey.  Generally  the  structure  -  - 
points  are  coordinated  by  one  polar  ray  (direction  and  distance)  whereas  in  a 
Type  A  surx'ey  these  points  are  coordixuited  by  several  vr, ays  of  directions  and 
sometimes  distance,  the  optical  plumbing  in  the  two  shafts  is  also  done.  In 
the  event  of  a  Type  B  survey  revealing  significant  changes,  discussions  with 
the  deformation  engineer  and  the  client  (Hectricorp)  must  be  held  to  decide 
what  extra  survey  w'ork  is  required  and  the  funding  of  that  work. 

3.3  TYPE  C  SURVEYS 

Type  C  surveys  are  intended  to  be  undertaken  as  a  result  of  an  event  that 
may  have  caused  significant  damage  to  the  structure.  The  survey  is  defined 
as  being  the  same  as  a  Type  B  but  would  concentrate  on  areas  of  concern.  The 
lev  elling  shall  use  precise  equipment  but  the  procedure  may  be  relaxed 
depending  on  the  nature  of  the  emergenq'  eg.  levelling  one  way  ordy  in 
more  instances.  As  many  checks  between  the  observ  ing  pillars  (and  others) 
as  possible  shall  be  made  in  the  available  time  to  check  on  their  relative 
stability.  The  procedure  for  a  Type  C  survey  needs  to  be  fle.xible  depending 
on  the  nature  of  the  emergency  and  the  consultant  surveyor  would  need  to 
respond  qiiickly  and  have  some  interim  results  to  the  client  w'ithin  twelve 
hours  of  notification.  It  is  probable  that  a  Type  A  or  B  sur\'ey  would  follow 
some  time  after  the  emergency. 

4.  INSTRUMENTATION 

The  deformettion  surveys  are  of  a  precise  nature  and  the  instruments 
employed  must  be  of  a  suitable  precision  and  be  correctly  adjusted  and 


cniibraled  to  .■'.chicv  e  tiie  necci^sarv  accurac;.'.  Ti'.e  precise  ic\e!  must  be  an 
automatic  type  capable  of  reading  to  0.1mm  or  better  and  used  in  conjunction 
with  hvo  precise  invar  staves.  A  Zeiss  K'i007  is  a  typical  instrument.  The 
theodolite  used  for  horizontal  and  vertical  angles  must  be  capable  of  reading 
to  better  than  I"  of  arc.  A  Wild  T3  or  T2000S  are  typical  instruments.  The 
EDM  used  for  distances  should  be  capable  of  measuring  distances  of  up  to 
1km  (Type  A  surveys)  with  reading  to  1mm  or  better  and  standard  errors  of 
+/-3rrun  +/-  3ppm  (parts  per  million)  or  better.  A  Wild  DI20  and  Sokkisha 
SET2  are  typical  instruments.  The  theodolite  (s)  used  for  the  precise  vertical 
angles  (see  5.2)  can  be  a  1"  instrument.  A  typical  instrument  is  a  Wild  T2  or  a 
Sokkisha  SET2.  The  optical  plun-unet  used  for  checking  the  shafts  should  be 
an  automatic  type  capable  of  1:200000  accuracy.  A  Wild  ZL  or  ZNL  are 
suitable  Lnstruments.  The  suitability  of  new  instruments  and  techniques  for 
deformation  surveys  needs  to  be  continually  assessed  for  possible  accuracy 
improvements  and  efficiency  gairrs.  However  if  instruments  outside  the 
above  specification  are  intended  to  be  used  they  must  be  fully  specified  and 
approved  by  the  client. 

5.  FIELD  METHODS 


Prior  to  commencement  of  field,  work  the  consultant  suA'eyor  shall  discuss 
his  intended  on  site  activities  with  the  Arapuini  operating  staff.  Some  clearing 
of  pillar  sight  lines  will  be  required  espedally  prior  to  the  Type  A  surv'eys.  j 
This  may  be  a  major  exercise  and  some  prior  investigation  and  feasibility  ori" 
what  lines  shall  be  cleared  shall  be  undertaken.  An  indication  of  what  may 
be  required  is  shown  on  the  plan  in  App.2  and  on  the  horizontal  observation 
schedule  in  App.S.  Approval  to  enlerj)rivate  land  for  the  outlying  pillars  and 
trigs  shall  be  sought  before  entry.  Appendix  14  includes  a  full  set  of  locatiori  ' 
diagrams  for  finding  the  BM’s  and  pillars.  The  field  work  must  be  observed 
in  suitable  conditions  ^vith  avoidance  of  sigruficant  shimmer  being  very 
important  for  angle  measurement.  Weather  condidons,  (the  dam,  spUlway, 
headrace  and  tailrace  water  levels),  dates,  personnel,  ir\strtiment  types  and 
serial  numbers  must  be  recorded.  The  following  fieid  procedures  will 
ach:e\-e  the  required  accuracies  specified  in  6.  belou-.  .Any  significant 
deparbare  from  these  procedures  must  be  fully  detailed  and  approved  bv  the 


client  before  being  used. 


5.1  LEVELLING 


Before  and  after  the  precise  levelling  a  collimation  check  on  the  level  shall  be 
undertaken.  Either  of  the  two  staves  can  be  used  to  monitor  points  but  the 
constant  difference  between  them  must  be  determined  and  applied  if 
necessary.  The  stave  bubbles  must  be  checked.  Except  on  lines  under  5m 
length  the  bottom  O.S.m  of  the  slave  shall  not  be  obsen^ed.  Sight  lengths  shall 
not  exceed  35m  with  set  cut  distances  being  taped  or  carefully  paced.  The 
clifferer.ee  between  the  back  and  fore  sight  lengths  in  any  set  up  must  not 
differ  by  more  than  1.0m  and  the  accumulated  total  of  back  and  foresight 
distances  between  B.M's  must  not  differ  by  more  than  2.0m.  .An  observing 


procedure  whereby  a  centre  wire  reading  on  cacli  of  the  two  scales  is  read 
with  the  observing  sequence  always  starting  and  finishing  on  the  back  sight 
is  a  minimum  requirement.  All  levelling  must  be  returned,  (or  double 
levelled)  preferably  not  immediately.  The  exceptions  to  tltis  are  shown  in 
App.  2-4,6.  In  a  Type  A  sur\*ey  these  are  from  pillars  A  to  /,  pillar  C5  to  BM 
B24  (near  the  dam)  and  from  H592  to  H593.  The  circuits  including  these  lines 
must  however  close  to  3mm  times  the  square  root  circuit  distance  in  km.  In  a 
Type  B  survey  the  circuit  on  the  spillway  {App.6)  may  be  levelled  one  way 
(closure  to  0.6mm)  along  with  the  PH  floor  levelling  (App.4)  circuits  (closure 
0.6n\m).  The  levelling  across  the  tailrace  weir  between  90WL2-90WR2  and 
90WL4-90WR4i  is  done  by  reciprocal  precise  levelling  as  is  the  line  across  the 
upstream  end  of  the  headrace  between  hJail  89 A  and  pillar  Cl.  Parts  or  all  of 
a  Type  C  survey  may  be  levelled  one  way  depending  on  the  nature  of  the 
emergency.  Suitable  change  points  for  the  control  levelling  are  150*Smm 
square  section  nails  driven  into  the  seal.  On  grass  or  soft  ground  substantial 
firmly  driven  pegs  with  domed  tacks  are  necessary.  Heavy  three  footed 
change  plates  can  b®  used  on  concrete  surfaces.  A  field  calculator/computer 
system  of  recording,  computing  and  printing  the  height  differences  and 
checks  is  preferred. 

5.2  HORIZONTAL  AND  VERTICAL  ANGLES  ~ 
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Horizontal  angle  measurement  is  rmdertaken  by  obsen^g  sets  of  directions  ' 
to  a  number  of  consecutive  stations.  Directions  to  pillars  and  structure  points' 
can  be  observed  together  if  de^ed.  All  obsen'ed  points  have  constrained 
centring  .so  no  tripods  are  necessary.  The  exception  to  this  is  the  Type  A' 
surv'ey  check  to  Block  E  and  Pin  57  (for  pillar  £  and  A1  movement)  whidi  are  > 
ground  marks  and  need  tripods.  The  trig  beacon  at  A  No2  must  be  checked 
for  a  Type  A  surv'ey.  Particular  care  must  be  taken  with  the  instrument 
levelling  on  steep  lines.  An  umbrella  shall  be  used  to  shield  the  instruments 
in  strong  surxlight.  For  observations  to  pillars  and  structure  points  at  least  4 
sets  c:  directions  shall  be  observ'ed  in  a  Type  A  survey.  For  lines  of  around 
100m  or  shorter  3  sets  is  sufficient.  For  a  Tvoe  B  survev  3  sets  of  directions  is 
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sufficient.  If  directions  are  observ'ed  on  more  than  one  occasion  from  a  pillar 
at  least  two  common  points  must  be  observed  on  each  occasion.  The  pillars 
that  are  not  precise  levelled  need  to  have  their  heights  checked  in  each  Type 
A  survey  by  trigonometric  levelling  (heights  are  used  for  EDM  slope 
correchon  and  detecting  gross  deformations).  Vertical  angles  need  to  be 
reciprocal  but  not  simultaneous.  Three  sets  of  verticals  are  a  minimum.  The 
levelling  across  the  tailrace  to  Al,  B1  etc.  shall  be  checked  by  a  method  of 
precise  simultaneous  reciprocal  vertical  angles  in  a  Type  A  survey.  Tliis  is 
done  between  eccentric  set  ups  at  BJ  and  B4  on  this  approx.  120m  m.easured 
line.  Vertical  angle  observations  to  the  centre  of  the  theodolites  telescope  are 
normally  done.  A  method  of  observing  a  precise  stave  to  deternune  the 
theodolite  height  is  recommended. 


5.3  DISIVVNCE  MHASURIN'G 

Lines  be^veen  pillars  in  a  Type  A  survey  shall  be  nieasured  both  ways 
although  the  same  way  on  separate  occasions  is  acceptable.  In  Type  B  and  C 
surveys  lines  can  be  measured  one  way.  The  number  of  measurements  taken 
at  a  station  depends  on  how  the  EDM  operates  but  a  minimum  of  S  separate 
measures  of  the  distance  is  required.  Sufficient  meteorological  data 
(temperature  and  pressures)  needs  to  be  taken  to  ensure  that  the  atmospheric 
correction  can  be  computed  to  Ippm  or  better.  Meteorological  equipment 
heeds  to  be  periodically  checked  against  a  standard.  For  lines  over  10 
degrees  slope,  tilting  reflector  assemblies  are  needed.  The  new  pillars  (after 
19S9)  Cl,  C5,  ODS,  Headrace,  Pylon,  Steps,  VJall  and  Bush  all  have  flat  stairJess 
steel  plates  with  a  protruding  5/S"UNC  stud  imbedded  in  the  pillar  top.  For 
these,  EDM  heights  are  measured  from  the  flat  plate.  There  is  a  known 
relationship  between  the  top  of  stud,  the  flat  plate  and  the  base  BM  pin 
(where  applicable)  for  these  pillars.  All  other  pillars  have  a  1"BSP  threaded 
stud  with  a  3/S"  centre  hole  which  require  a  pillar  plate  or  pillar  pin  to 
mount  a  tribrach.  These  items  are  shown  in  App.l2  which  shows  special 
survey  items.  Usually  at  Arapuni  a  set  of  ten  numbered  pillar  plates  (for  the- 
A  and  B  pillar  lines)  are  used.  EDM  heights  are  measured  .from  the  top  of, 
these  plates  and  there  is  a  known  relationship  belwemjhe  top  of  the  screw^ . 
in  plate,  the  top  of  the  imbedded  1"  pin  and  the  b^e  BM  pin  where 
applicable.  The  structure  morutoring  points  that  are  mei^ured  to  (except  the 
PH  roof  and  dam  points)  have  a  5/S"UNC  protruding  stud  ^vith  a  Ramset 
nail  some  SOmm  adjacent  for  the  purpose  of  EDM  height  measurements. 
There  is  a  known  height  relationship  between  these  points.  The  EDM  must 
have  a  recent  calibration  on  a  multi  pillar  base  line  to  determine  the  constant 
and  scale  error  of  the  instrument  preferably  in  similar  weather  conditions.  It 
is  recommended  that  the  WORKS  Dey  St.  EDM  test  base  in  Hamilton  is  used 
for  this  piupose.  The  summation  of  measurement  on  the  A  and  B  lines  and 
on  the  spillway  sur\^ey  (C2-C5)  also  ser\'e  as  a  check  on  the  EDM  constant. 

5.4.  OPTIC.AL  PLUMBING  OF  SH.AFTS 

The  optical  plumbing  in  the  two  shafts  is  undertaken  in  a  Type  A  and  B 
survey.  The  most  successful  method  for  reading  the  gridded  target  in  the 
shaft  ceiling  has  been  for  an  assistant  to  read  the  grid  reference  (to  liiun) 
after  having  moved  a  circular  target  (a  washer  is  suitable)  into  position  on 
the  illuminated  target  with  directions  from  the  observ'er  below  using  radio 
communication.  At  least  four  readings  are  made  (in  groups  of  two)  in 
plummet  positioits  ISO  degrees  apart. 

5.5  OTHER  NOTES  FOR  FIELD  WORK 

The  PH  roof  points  and  dam  points  need  a  special  adaptor  to  mount  a 
tribrach.  These  are  called  a  Tribrach  Stud  Short  or  Long  .Adaptor"  shown  in 
App.l2.  The  levelling  on  the  tailrace  weir  right  bank  requires  2m  staves  or 
similar  as  access  to  the  right  bartk  through  the  turmel  is  very  restricted.  The 
levelling  on  the  PH  roof  (Type  .A  survey)  has  not  been  done  under  full 


r,cner?.;ir.'::  Cv'':uiilions  before.  Iixco.^sive  vibration  may  mean  that  this 
levelling  ss  not  possible.  Keys  and  approval  from  the  operating  staff  may  be 
necessary  for  access  to  the  tailrace  weir,  the  PH  roof  and  floor,  the  ODS,  the 
headrace  intake  and  the  spillway-  The  screen  cleaner  on  the  headrace  intake 
may  need  to  be  shitted  to  see  to  90113-5  from  pillars  ODS  and  Headrace.  On 
the  tailrace  weir  point  90WL3  a  special  item  called  a  "Stud  Extender"  (see 
App.l2)  is  necessary  to  clear  part  of  the  adjacent  gate  raising  mechanism.  A 
gaurd  rail  has  to  be  removed  to  attach  a  tribrach  to  90WL2.  For  the  optical 
plumbing  in  the  shafts  detachable  water  shields  are  located  at  each  site. 
These  are  positioned  above  the  irtstrument  allowing  observations  through  a 
small  hole.  Excessive  water  falling  in  Shaft  C  may  prevent  any  observatioxu 
here.  Prior  to  the  sur\'ey  discussions  with  the  Arapuni  operating  staff  should 
be  held  to  ascertain  the  prevailing  water  conditions  in  Shaft  C. 

6.  REDUCTION  AND  ACCURACY  OF  DATA 

6.1  LEVELLING 

The  field  recording/computing  system  will  provide  all  the  procedural  checks - 
and  height  difference  summaries  in  the  field.  The  difference  betwe(m  the  two^ 
derived  height  ^ferehces  in  any  instrument  set-up  must  not.»ceed  035mih^ 
or  the  set  up  must  be  repeated.  The  instrument  coUimation  error  must  be  ’ 
kept  to  witWn  lmm/25m.  The  forward  and  return  runs  shall  be  set  up  in  a 
spreadsheet  for  comparison  and  final  level  computation.  The  comparison 
between  the  mean  forward  and  return  difference  in  height  between  adjacent 
pins  on  a  structure  must  not  exceed  0.4nun.  The  difference  between  the 
forward  and  return  runs  between  adjacent  BM’s  and  the  misclose  in  the  large  - 
Type  A  circuits  must  be  less  than  3mm  times  the  square  root  of  the  km '' 
ciistance  between  BM's  or  circuit  length.  The  misclose  around  the  PH  and 
spillway  circuits  must  be  0.6irun  or  less. 

6.2  HOPxIZONTAL  .AND  VEPxTICAL  .ANGLES 

A  field  system  of  recording,  computing  and  printing  the  individual  sets  of 
directio.^s  in  terms  of  the  selected  origin  is  desirable.  The  Standard  Error  (SE) 
for  a.ay  individual  direction  on  lines  over  100m  from  the  3-4  sets  shall  not 
exceed  2.5"  with  the  mean  SE  of  all  such  directions  at  one  station  not 
exceeding  2.0".  The  mean  of  all  SE's  in  the  sur\'ey  shall  not  exceed  1.5".  For 
\  ertical  angles  an  SE  of  3"  for  the  mean  angle  is  required.  The  computation  of 
the  A6’B  166  quadrilateral  horizontal  angle  misdose  should  be  done  and 
must  be  less  than  3".  The  precise  vertical  angle  connection  between  B1  and  B4 
shall  close  with  the  precise  levelling  to  3mm  times  the  square  root  distance  in 
km  (circuit  length)  or  better. 

6.3  DISTANCES 

A  field  system  of  recording,  detecting  gross  errors  and  printing  the  measured 
data  is  desirable.  The  field  data  then  needs  to  be  corrected  for  the 


.-'.tmospheric  conditions,  sicpc.  cicv.-iticn  above  sea  ievol,  iiistrun'.ent?.! 
constant  .nnd  ^ale  error  to  produce  Sjiheroida!  distances.  Slope  corrections 
are  to  be  computed  from  adopted  or  derived  station  heights  and  not  from 
one  way  vertical  angles.  In  a  Type  A  survey  the  forward  and  return  distances 
are  best  iiiput  ii\to  a  spreadsheet  where  the  differences  and  ine.ins  can  be 
computed.  The  mean  difference  behveen  the  hvo  measurements  for  lines 
between  pillars  must  be  less  than  3mm  Avith  no  individual  lines  over  6mm. 
The  final  mean  corrected  distance  before  adjustment  needs  to  be  accurate  to 
3mm  or  better  in  a  Type  A  sun'ey. 

6.4.  OPTICAL  PLUMBING 

The  optical  plumbing  simply  requires  the  mean  of  the  readings  at  each  site  to 
be  computed. 

7.  COMPUTATION  AND  ADJUSTMENT  OF  DATA 

The  following  are  acceptable  techruques  for  computing  and  adjusting  the 
data  to  achieve  the  required  results.  Other  techniques  may  be  permissible  but; 
must  be  fully  documented  and  approved  by  the  client  before  their  use.  .  , . . . 


7.1  LEVELLING 


The  computation  of  the  control  BM  levels  involves,  selecting  a  BM'i^  a"" 
network  origin.  This  decision  will  be  based  on  the  agreement  with  a  nearby 
check  BM,  and  what  changes  are  apparent  on  the  other  network  .BM’s 
compared  with  previous  sun-eys.  The  most  likely  origin  in  a  Type  A  survey 
are  Arapiin:  Fiindamsntal  or  Pillar  G  being  on  the  extremities  of -the -network: 
Orthometric  correctior\s  are  applied  in  the  computations  if  their  effect  is 
greater  than  0.05mm.  In  a  Type  A  survey  the  structure  point  levelling  shall 
be  in  terms  of  the  one  selected  origin  for  that  survey.  In  a  Type  B  sur\'ey  the 
origin  mark  used  adjacent  to  the  structure  levelled  (as  shown  in  the  plains  in 
App.3-6)  shall  be  held  fixed  at  its  previous  Type  A  survey  level  urUess 
evidence  shows  it  is  unreliable.  The  levelling  in  a  Type  A  survey  comprises 
many  circuits.  The  hierarchy  of  circuit  adjustment  shall  be  that  the  smallest 
circuits  are  adjusted  first  with  no  further  adjustment  in  that  circuit  if  it  is 
linked  to  a  larger  circuit.  The  levelling  to  the  dam  area  should  be  computed 
using  the  return  line  (H593-B)  with  the  two  one  way  lines  serving  only  as  a 
check.  The  circuit  comprising  the  precise  VA’s  and  the  return  levelling  from 
B1  to  H5P2  should  be  adjusted  based  on  distances  between  marks  between  B1 
and  H5S2. 


7.2  HORIZONTAL  CONTROL 


The  mean  observed  directions  and  reduced  distances  of  the  network 
(e.\cluding  observations  to  structure  deformation  points)  contain  many 
redundancies.  This  data  must  be  adjusted  by  a  suitable  least  squares 
computer  program  thuit  will  allow  at  least  a  hvo  dimensiortal  adjustment  to 
produce  final  coordinates  of  the  points.  The  software  needs  to  handle  the 


input  of  directions  i^nd  distajiccs  citner  in  spii?70:d.-.l  form.'’.:  or  distances 
corrected  only  for  instrumental  and  atmosph.eric  factors.  In  the  latter  case 
EDM  and  station  heights  are  supplied.  The  software  must  be  capable  of 
wei^'hting  observadorrs  separately  and  must  produce  observation  residuals, 
coordinate  SE's  and  error  ellipse  details  at  the  95%  confidence  levels.  It  is 
likely  that  several  different  adjustments  would  be  undertaken  to  suitably 
weight  or  reject  inferior  observations,  to  produce  mirumum  residuals  and  to 
try  different  fixed  points  ir\  the  adjustment.  One  adjustment  should  be 
undertaken  with  ordy  one  fixed  point  and  an  orientation  (a  free  net)  to  assess 
the  quality  of  the  survey  data.  The  final  selection  of  fixed  points  in  the 
nehvork  adjustment  may  be  done  empirically  based  on  the  experience  and 
knowledt^e  of  the  nehvork  and  all  the  evidence  from  the  current  and 
previous°sur\'ey  data.  In  a  Type  A  survey  it  would  be  anticipated  that 
initially  G  would  be  used  as  the  origin  of  coordinates  with  Trig  A  No.2  (and 
probably  pillar  F)  for  orientation  in  the  adjustment.  It  is  anticipated  that  for  a 
Type  5  survey  pillar  B6  would  be  used  as  the  origin  of  coordinates  with 
orientation  checks  to  G,  F,  A6  and  Trig  A  No.2  (if  visible)  all  held  fixed  at  the 
previous  Type  A  values  with  new  coordinates  being  computed  for  five  other 
occupied  pillars  C5,  ODS,  Al,  B1  and  Steps.  A  Type  C  sur\'ey  may  not 
involve  any  least  squares  adjustment  but  may  only  involve  a  United  check 
on  the  stability  of  the  occupied  pillars.  The  adjustment  sofhvare  used  must  be ' 
capable  of  applying  an  overall  scale  correction  and  desirably  will  be  able  to> 
perform  similarity  transformations  of  one  survey  over  another  to  obtain  a 
best  mean  fit  to  assist  in  the  selection  of  fixed  (stable)  points. 

7.3  STRUCTURE  POINT  COORDINATION  '  " 


Once  the  coordinates  of  the  pillars  used  for  the  structure  point  observations; 
have  been  decided  on  another  least  squares  adjustment  is  undertaken  with 
all  the  mean  observed  directions  to  the  structure  points  input.  Again  this  may 
involve  several  adjiistments  to  suitably  weight  or  reject  inferior  observadoits. 
In  a  Type  B  survey  pillar  B  is  held  fixed  at  its  previous  Type  A  values  along 
with  /.  and  F.  In  the  computation  of  some  of  the  structure  points  in  a  Type  B 
there  are  no  redundancies.  In  a  T)'pe  C  survey  the  coordinates  of  the 
structure  points  could  be  computed  manually.  The  results  of  the  survey  on 
points  A&B  (2-5A)  are  also  presented  as  distances  between  points  and  offsets 
from  the  terminal  pillar  line  (and  as  changes  since  the  previous  and  base 
survey).  The  adjusted  distances  and  directions  shall  be  used  to  compute  this 
data. 


S.  A?>I ALYSIS  AND  PRESENTATION  OF  DATA 

The  final  levels  and  coordinates  from  the  survey  need  to  be  added  to  the 
spreadsheet  of  all  previous  surveys  and  the  changes  shown  to  0.1mm  for 
levels  and  1mm  for  coordinates  and  offsets  since  the  previous  and  the  base 
sutA'ey  (for  that  mark).  If  the  previous  survey  for  that  mark  is  not  the  most 
recent  .-\rapuni  survey  then  it  is  to  be  indicated  as  such.  See  App.ll  for  a 
sample  spreadsheet  of  coordinates  and  changes.  Changes  have  to  be  assessed 
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sur'.evs  v.iih  their  standard  error  e!!:nses  may  be  nccessarv  to  assess  tius. 


Scrutiny  of  previous  survey  reports  will  also  be  necessary.  Three  dimensional 
changes  (if  significant)  since  the  previous  and  base  survey  for  the  morutoring 
points  shall  be  shown  on  plan(s)  which  show  sufficient  local  detail.  The 
correlation  between  the  sh.aft  plumbing  and  ridge  levelling  results  shall  be 
discussed.  Any  identifiable  trends  from  the  current  and  previous  surveys 
need  to  be  identified  and  discussed.  If  considered  appropriate,  graphs  of 
movements  against  time  shall  be  produced.  If  the  survey  date  is  significantly 
different  from  August  any  seasonal  effect  needs  to  be  considered.  The  effect 
of  significantly  different  water  levels  during  the  surv'ey  shall  also  be 
considered. 


9.  REPORT  FORMATS 


One  of  the  key  elements  of  the  report  format  is  that  the  latest  report  will 
show  the  final  levels  and  coordinates  for  all  surveys  to  date.  The  survey  shall 
be  reported  on  in  two  formats.  A  comprehensive  report  shall  cover  all  aspects 
of  the  s;ar\'ey  with  a  full  list  of  appendices.  This  report  is  intended  to  be  a  full 
documentation  of  the  xvork  and  would  normally  be  retained  by  the 
consultant  surveyor.  However  copies  shall  be  provided  to  Electricorp  if 
requested.  At  least  two  copies  of  this  report  shall  be  produced:  A  brief  report 
^vill  include  the  same  conclusions,  summary  wd  recpi^endadons  but  may 
omit  some  detail  leading  up  to  these.  This  repprVwill  be  for  Electricoip  arid 
at  least  four  copies  shall  be  produced.  Following  is  a  more  detailed 
description  of  the  contents  of  these  reports. 

9.1  COMPREHENSIVE  REPORT 


a)  The  report  shall  begin  with  a  Title  Page  followed  by  a  table  of  Contents 
then  by  a  list  of  Appendices. 

b)  This  will  be  followed  by  an  Abstract  which  will  include  a  brief 
i-ntroduction,  what  survey  was  undertaken  and  a  brief  summary  of  the 
findings  of  the  sur\-ey. 

c)  The  Introduction  shall  Include  a  brief  history  of  Arapuiu  surv^eys,  the 
purpose  and  scope  (ie.  survey  type)  and  timing  of  the  work  and  what 
orgarusation  undertook  the  survey. 

d)  The  Field  Work  section  will  detail  dates,  personnel,  irxstruments, 
weather,  what  methods  were  employed  and  any  proble.ms  encountered. 

e)  Reduction  of  Data  will  detail  what  computatioiu  were  applied  to  the 
raw  data  before  adjustment. 


f)  Adjustment  of  Data  will  detail  how  the  data  was  adjusted,  what 

assumptions  were  made  including  a  discussion  on  origin  selection  and 


may  include  a  discussion  on  aspects  of  the  least  squares  adjustments 
including  the  observation  residuals  and  coordinate  standard  errors. 

This  section  may  be  broken  up  into  vertical  and  horizontal  survey 
sections. 

g)  Anal3'sis  of  Data  shall  include  a  discussion  on  changes  since  previous 
surveys  and  whether  these  are  real  or  within  the  sur\'ey  tolerance.  The 
effect  on  the  resxilts  of  any  abnormal  conditions  or  circumstances  need 
to  be  discussed.  There  shall  be  conclusions  from  the  results  for  each 
different  component  part  of  the  survey. 

h)  Recommendations  shall  cor\firm  or  otherwise  the  next  planned  sur\'ey 
date  and  suggest  any  changes  or  improvements  to  the  survey. 

i)  The  Summary  will  include  essentially  what  is  covered  in  the 
Introduction  and  briefly  discuss  the  findings  and  conclusions  of  the 
survey  and  any  major  recommendations. 

The  report  shall  have  a  full  set  of  appendices  as  follows: '  ■  ^  . 

1)  .  A  table  showing  the  history  of  ^  survey  coxiipdnehts  to  date  and  the  • 

proposed  future  surveys  similar  to  App.l  of  this'sp^dfication.  ' 

2)  Plans  of  the  area  and  networks  similar  to  App.2-6  of  this 
specification  sufficient  to  show  the  monitoring  marks  in  all  areas  and 
three  dimensional  changes  (where  applicable). 

3)  A  spreadsheet  of  the  control  and  structure  levelling  and  changes  since 
the  previous  and  base  sur\'ey.  This  shall  show  the  origin(5)  for  each 
survey. 

4)  .Any  plots  or  graphs  that  may  be  necessary  to  depict  or  clarify  the 
levelling  results. 

5)  .A  spreadsheet  of  the  horizontal  control  and  structure  point  coordinates 
and  changes  since  the  previous  and  base  sur\'ey.This  shall  show  the 
origin(s)  for  each  survey 

6)  A  spreadsheet  of  the  ridge  survey  {A  and  B  line)  offsets  and  changes 
since  the  previous  and  base  surve\'. 

7)  As  in  6)  above  but  for  the  ridge  survey  distances. 

S)  Two  spreadsheets  as  in  6)  and  7)  above  but  for  the  spillwav  marks  (C2- 
C4). 

9)  Any  plots  or  graphs  tha  t  may  be  necessary  to  depict  or  clarih’  the 
results. 


10)  A  spreadsheet  and  position  plot  of  the  readings  from  the  optical 
plumbing. 

And  any  oilier  appendices  that  may  be  required  from  time  to  time  to  enhance 

tlie  presentation  of  data.  The  following  appendices  shall  only  be  included  in 

the  comprehensive  report: 

11)  A  list  of  key  survey  personnel  along  with,  instruments,  serial  numbers 
and  details  of  EDM  calibrations  for  all  sur\?eys  since  197S. 

12)  A  list  of  survey  reports  since  1975. 

13)  A  schedule  of  levelling  on  BM's,  pillars  and  structure  points  similar  to 
App.7  of  this  specification. 

14)  A  schedule  of  obseiA'ed  directions  and  distances  from  pillars  and  to 
structure  points  similar  to  App.S  of  this  specification.  . . 

15)  A  spreadsheet  of  levelling  computations. ^  j  : 

16)  A  plan  showing  the  levelling  type  and  routes  for  the  survey. 

17)  A  summary  of  EDM  (measuring  point)  levels  used  for  pillars  and 
structure  points  (that  were  measured  to)  and  the  source  of  those  levels. 
The  cortstant  level  differences  between  the  following  shall  be 
catalogued:  the  central  pillar  pin,  plate  and  base.pin  for  the  new  pillars, 
the  base  pin  and  the  top  of  the  screw  on  plate  for  all  other  pillars  and 
the  difference  between  the  EDM  Ramset  height  nail  and  the  structure 
monitoring  points  (where  applicable). 

IS)  A  summary  of  horizontal  angle  miscloses  on  the  A,B  quadrilateral  for 
ail  sur^'eys. 

19)  A  summary  of  the  pillar  E  moiutoring  data  for  all  surveys. 

20)  A  copy  of  the  input  data  and  the  key  outputs  from  the  horizontal 
control  least  squares  adjustment. 

21)  A  copy  of  the  input  data  and  the  key  outputs  from  the  horizontal 
structure  point  least  squares  adjustment. 


22)  A  copy  of  the  survey  mark  location  diagrams. 

And  any  other  appendices  that  may  be  required  from  time  to  time  to 
improve  the  doevunentation  of  data.  For  Type  B  surveys  all  of  the  above 
appendices  shall  be  included  except  19). 


9.2  BRIEF  REPORT 


The  brief  report  shall  include  a-c)  and  f-i)  in  9.1  above  in  the  text  of  the  report 
and  appendices  1-10)  in  9,1  above.  A  Type  C  survey  would  in  the  first 
instance  be  reported  on  verbally  followed  by  a  written  brief  summary  of  the 
changes.  As  a  Type  A  or  B  sur\'ey  would  probably  follow,  the  Type  C  data 
would  be  included  in  the  Type  A  or  B  report. 

10.  STORAGE  OF  DATA 

The  raw  field  data  and  computations  from.surv'eys  shall  be  held  in  safe 
keeping  by  the  consultant  surveyor  and  be  available  to  Electricorp  on 
request,  "niese  records  shall  be  retained  until  otherw'ise  notified  by 
Electricorp.  The  computer  generated  contents  of  the  report  shall  be 
electronically  filed  in  hvo  entirely  different  locations  by  the  corxsultant 
surveyor.  One  of  these  locations  may  be  with  Electricorp.  The  text  of  the 
report  shall  be  filed  in  the  Word  Processor  format  used  as  well  as  in  ASCII 
(TXT)  format.  The  relevant  appendices  shall  be  filed  in  the  spreadsheet 
format  used  as  well  as  in  Lotus  spreadsheet  format.  All  files  must  be 
accessible  by  MS-DOS  computers.  Electricorp  shall  be  supplied  with  copies 
of  the  data  on  disc  on  request  •  >  ...  -..-r  - 
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APPENDIX  11. 


MEASURING  INSTALLATIONS  FOR  DAM  MONITORING  (SWISS  NATIONAL 

COMMITTEE  ON  LARGE  DAMS) 


Preface 

Among  several  hundreds  o(  dams  Switzerland  has 
1 6 1  large  dams,  most  of  them  constructed  in  the  sec¬ 
ond  half  of  the  20th  century.  From  the  beginning  of 
construction  of  dams  ih  Switzerland,  the  engineers 
were  at  any  time  conscious  of  their  responsibility. 
Consequently,  importance  was  attached  to  dam 
safely  and  surveillance  of  dam  behaviour.  The  first 
time  a  dam  was  provided  with  more  extensive  moni¬ 
toring  equipment  was  during  the  construction  of  the 
55  m  high  Montsalvens  arch  dam  in  1920,  when 
instruments  for  geodetic  survey,  clinometer  and  tem¬ 
perature  measurements  were  installed.  In  1932  the 
first  plumb-line  measurements  were  performed  at  the 
114  m  high  Spitallamm  arch  dam. 

In  course  of  time  a  wide  range  of  measuring  instru¬ 
ments  was  developed  in  order  to  meet  all  require¬ 
ments  of  purpose,  precision,  reliability  and  longevity. 
Today  specialized  manufacturers  offer  a  widespread 
collection  of  equipment  for  dam  monitoring.  Close 
cooperation  between  consulting  engineers,  dam 
owners  and  manufacturers  helps  to  continue  the  de¬ 
velopment  of  suitable  instruments  to  assure  dam 
safety. 

The  Subcommittee  on  Dam  Monitoring  of  the  Swiss 
National  Committee  on  Large  Dams  is  to  be  ttianked 
for  the  preparation  of  the  present  paper  which  marks 
the  purpose  and  goals  of  the  installation  of  dam 
monitoring  equipment,  and  we  hope  it  will  be  of  value 
to  everybody  engaged  in  dam  engineering. 

CXir  particular  gratitude  goes  to  “wasser,  energie,  luft 
>  eau,  Energie,  air”,  the  official  periodical  of  our 
national  Committee,  which  made  it  possible  to  print 
this  special  issue  edited  in  honour  of  the  participants 
at  the  16th  ICOLO-Congress  in  San  Francisco,  June 
1988. 

The  Swiss  National  Committee  on  Large  Dams 
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N.iiiiJiui  Coininiiioe  on  Large  Dams 
Committee  on  Dam  Monitoring 

Measuring  Installations 
for  Dam  Monitoring 

Concepts.  Reliability,  Redundancy 

Part  1:  Concepts 
1.  Introduction 

Any  dam  is  subtected  to  external  loads  that  cause  deforma¬ 
tion  and  permeability  of  the  structure  and  its  foundations. 
Deformation  and  seepage  are  clearly  a  function  of  such 
loads.  Any  sign  of  abnormal  dam  behaviour  could  possibly 
threaten  dam  safety.  Loads  and  the  dam's  response  to  them 
should  therefore  be  carefully  monitored  for  any  sign  of  ab¬ 
normality  as  early  as  possible,  and  action  promptly  taken 
before  that  abnormality  becomes  a  threat  to  safety. 
Monitoring  consists  of  both  measurements  and  visual  in¬ 
spections.  neither  being  sufficient  on  their  own.  Every  dam 
should  be  equipped  with  appropriate  instrumentation  ac¬ 
cording  to  the  set  goals  and  according  to  dam  type  and  size 
as  well  as  to  particular  site  conditions. 

As  experience  in  dam  engineering  grows  constantly  and 
measurement  techniques  become  more  sophisticated,  dam 
instrumentation  should  be  regularly  checked  for  suitability. 
It  may  need  to  be  supplemented  or  even  refurbished  alto¬ 
gether. 

When  designing  a  dam  monitoring  system  or  evaluating  an 
existing  one.  the  following  should  be  borne  in  mind: 

-  a  dam  and  its  foundations  form  a  whole  that  is  embedded 
in  the  surrounding  terrain,  which  may  also  have  an  im¬ 
pact: 

-  an  abnormality  in  dam  behaviour  may  occur  either  quite 
rapidly  or  only  gradually; 

-  in  the  event  of  some  atmormality,  its  cause  should  be 
identifiable  through  analysis  of  the  measurement  data. 

Thus,  a  monitoring  system  should  be  capable  of  monitoring 
both  short-  and  longterm  behaviour.  It  should  also  be 
capable  of  distinguishing  between  behaviour  of  the  dam 
and  that  of  its  foundations  and  surrounding  terrain.  To  as¬ 
sess  behaviour  in  the  short  term,  analysing  relatively  lew 
data  is  usually  sufficient,  provided  that  the  data  are  seized 
in  such  a  manner  that  they  clearly  show  whether  behaviour 
is  normal  or  not.  These  main  parameters  must  therefore  be 
checked  quite  frequently.  This  will  be  helped  by  instruments 
that  are  simple  to  operate,  combined  with  measurement 
methods  producing  results  that  can  be  easily  interpreted. 
For  the  collection  and  analysis  of  data  on  long-term  behav¬ 
iour.  including  analysis  of  some  detected  abnormality,  more 
differentiated  measurement  methods  should  be  used.  Since 
monitoring  in  such  cases  will  be  less  frequent,  measure¬ 
ment  procedures  and  interpretation  of  results  may  require 
more  sophisticated  instrumentation  and  analysis  methods 
or  even  the  intervention  of  specialists. 

Monitoring  data  should  be  available  at  all  times  with  the 
required  reliability.  Any  malfunction  or  interruption  in  the 
monitoring  may  jeopardize  dam  surveillance  as  a  whole, 
and  raise  doubts  about  safety.  Even  if  defective  installations 
and  instruments  are  replaced  immediately,  there  is  some 
danger  of  the  fixed  datum  being  altered.  Continuity  of  the 
data  series  will  be  lost  and  long-term  analysis  made  more 
difficult.  Therefore,  preference  should  be  given  to  measur¬ 
ing  installations  and  instruments  which  are  robust  artd  have 


a  long  service  iite  A  reouceo  accuracy  is  less  serious  iiian 
an  inicrrupiion  in  instrument  operation.  Maintenance  and 
accuracy  checks  at  regutar  intervals  are  thereiore  essential 
to  ensure  reliability  and  longevsiy. 

The  measuring  range  should  be  extensive  ertough,  so  that 
excessive  load  cases  ana  tot  abnormal  beiiaviour  may  be 
recorded,  il  possible,  without  restraint.  It  is  precisely  such 
cases  that  might  threaten  dam  safety  and  need  appropriate 
countermeasures. 

Accuracy  of  the  monitoring  data  should  itot  be  beyond  the 
scope  of  existing  facilities  for  analysis  and  interpretation.  It 
IS  important  to  remember  that  kctowledge  about  the  theo¬ 
retical  principles  affecting  dam  behaviour  is  to  a  certain  ex¬ 
tent  still  approximative,  and  that  such  principles  may  be  in¬ 
fluenced  by  phenomena  (e.g.  the  impact  of  seasonal  cli¬ 
matic  variations  on  the  behaviour  of  the  foundation)  that  are 
not  quantifiable,  for  the  time  being  at  any  rate. 

Even  if  sturdy  and  easy  to  operate  instruments  have  been 
installed,  delects  and  failures  cannot  be  ruled  out.  Thus,  any 
monitoring  system  should  be  sufficiently  redundant. 

By  redundancy  we  mean  keeping  parallel  but  separate  sets 
of  instruments  and.  in  addition,  facilities  for  evaluating  data 
by  double-checking,  usiitg  alternative  measurement 
methods  (e.g.  plumbline-traverses.  alignment-triangu¬ 
lation,  and  settlement  gauge-levelling).  Of  the  two,  double¬ 
checking  is  preferable,  because  it  invariably  provides  other 
helplul  data.  Its  usefulness  is.  therefore,  twofold. 

2.  External  toads 

Dam  deformation  is  caused  only  in  part  by  the  reservoir 
level.  Other  factors  come  into  play,  such  as  temperatures  in 
concrete  dams,  and  the  self-weight  of  the  fill  in  embankment 
dams.  Earth  pressure  may  also  be  a  decisive  factor.  In  either 
type  of  dam.  seepage  rates  depend  essentially  on  the  reser¬ 
voir  level  aitd  to  a  lesser  degree  on  precipitatiotts  or  melting 
snow.  A  monitoring  system  should,  thereiore.  inclucle  reg¬ 
ular  measurements  of  the  reservoir  level  and  of  representa¬ 
tive  temperature  and  precipitation  data. 

Getterally,  resetvov  levels  are  today  measured  with  pres¬ 
sure  balances.  Double-checking  is  essential.  This  can  be 
done  for  instance  by  installing  a  manometer  on  either  an  ex¬ 
isting  or  new  pipe  connected  to  the  reservoir.  The  measur¬ 
ing  rartge  should  extend  at  least  as  far  as  the  dam  crest  be¬ 
cause  it  is  important  to  know  extreme  values  of  the  water 
level,  for  an  immediate  judgement  of  flood  risk  as  well  as  the 
subsequent  assessment  of  peak  inflows. 

Temperature  measurement  is  required  to  determme  the  im¬ 
pact  ol  temperature  variations  on  concrete  dam  deforma¬ 
tion  on  the  one  hand,  and  on  the  other,  to  determine 
whether  precipitations  consist  of  rain  or  snow,  or  whether 
the  snow-melting  period  has  begun  (which  the  ambient  air 
temperature  at  the  dam  site  will  indicate).  Where  daily  tem¬ 
perature  readings  cannot  be  guaranteed,  it  is  recommend¬ 
ed  to  install  a  temperature  recorder  or,  at  least,  a  ther¬ 
mometer  indicating  maximum  and  minimum  values.  Here,  a 
double  check  is  not  strictly  necessary,  since  other  tempera¬ 
ture  measurement  methods  can  always  be  used  in  case  ol 
failure.  Assessing  the  impact  ol  temperature  on  concrete 
dam  deformation  will  be  helped  by  installing  a  sufficient 
number  ol  thermometers  at  various  locations  within  the 
dam.  Use  may  then  be  made  either  of  temperature  gauges 
embedded  in  the  concrete,  or  thermometers  inserted  in 
drillholes.  Redundancy  would  consist  ol  a  greater  number 
ol  gauges  than  strictly  necessary. 

Precipitation  gauging,  essential  near  any  embankment 
dam,  IS  recommended  practice  for  concrete  dams  as  well 
Daily  readings  are  adequate.  Although  the  gauge  need  not 
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be  locaico  right  at  the  cam  site,  it  should  not  be  too  far  re¬ 
moved  from  It.  It  daily  readings  cannoi  be  guaranteed,  a 
rainlali  recorder  may  be  used.  A  redundancy  is  not  essential 
in  this  instance,  since  data  can  always  be  obtained  from 
other  gauging  stations  further  away. 
Earth-pressure-gaugtng.  to  determirie  the  overall  stress  on 
critical  structural  eiemenis.  may  be  useful  in  particular 
cases  of  embankment  dams  or  debris  check  dams,  in¬ 
terpretation  of  results  is.  however,  problematical. 

3.  Deformation 

Dam  deformation  patterns  vary  according  to  type  of  dam. 
foundation  conditions  and  external  loads.  Oue  to  the  dif¬ 
ferences  in  construction  materials  the  behaviour  of  con¬ 
crete  dams  is  compteteiy  ditterent  from  that  of  embankment 
dams.  In  concrete  dams,  deformation  is  mainly  elastic,  de¬ 
pending  on  reservoir  water  pressure  and  temperature  vari¬ 
ations.  Permanent  detormation  may.  however,  be  caused  by 
the  subsoil  adapting  to  the  new  loads,  concrete  aging  or 
foundation  rock  fatigue.  In  such  cases,  deformation  is  with¬ 
out  danger  for  so  long  as  it  does  not  exceed  some  critical 
value.  The  case  of  earth  dams  is  altogether  different.  Defor¬ 
mation  here  is  to  a  large  extent  permanent.  Under  the  im¬ 
pact  of  the  self-weight  of  the  embankment  and  the  hydro¬ 
static  pressure  of  the  reservoir  water,  the  fill  material  (and 
the  foundation  if  consisting  of  soil)  continues  to  settle  -  al¬ 
beit  at  a  decreasing  rate  -  for  decades  after  construction.  In 
addition,  permanent  horizontal  deformation  of  the  embank¬ 
ment  are  due  to  reservoir  water  pressure  and  are  mainly 
perpendicular  to  the  embankment  centerline.  Actual  elastic 
deformation  is  slight  and  not  typical  of  earth  dam  behav¬ 
iour. 

In  view  of  the  difference  between  concrete  and  embank¬ 
ment  dam  behaviour,  a  monitoring  programme  cannot  be 
organized  in  the  same  way  lor  both  types.  In  concrete  dams, 
monitoring  is  essentiany  a  matter  of  observmg  behavioural 
trends  in  both  elastic  and  plastic  deformation.  The  work 
consists  of  comparing  effective  (i.e.  measured)  deformation 
to  the  predicted  normal  behaviour,  assessed  through 
analysis  or  some  other  method.  In  embankment  dams  on  the 
other  hand,  permanent  deformation  trends  should  be 
closely  monitored  for  any  sign  of  abnormality.  Deformation 
values  vary  considerably  according  to  type  of  dam;  they  are 
expressed  in  millimeters  and  centimeters  in  concrete  dams, 
and  centimeters  or  decimeters  in  the  case  of  embankment 
dams. 

Deformation  of  a  dam  and  its  foundations  may  be  deter¬ 
mined  by  measuring  the  spatial  displacemeni  of  selected 
control  points  from  reference  points,  themselves  controlled 
in  position.  If  the  reference  points  are  located  inside  the 
dam.  only  relative  deformation  values  will  be  recorded.  t>b- 
solute  displacement  values  are  obtained  if  the  reference 
points  are  located  outside  the  dam  (in  the  foundation  or  sur¬ 
rounding  terrain)  and  beyond  the  region  that  may  be  affec¬ 
ted  by  the  dam  or  the  reservoir.  Although  relative  data  are 
adequate  tor  routine  monitoring,  assessing  permanent  de¬ 
formation  requires  absolute  data,  so  that  a  monitoring  sys¬ 
tem  confined  to  the  interior  of  a  dam  would  be  inadequate  in 
this  case.  Ideally,  in  concrete  dams,  the  reference  points 
should  be  located  in  the  rock  foundation  at  a  depth  unaffec¬ 
ted  by  the  reservoir,  tn  that  event,  absolute  data  could  be 
obtained  by  frequent  use  of  simple  measurement  devices. 
Fixed  reference  points  located  in  the  vicinity  of  the  dam  but 
outside  the  range  of  its  impact  are.  moreover,  essential  to 
identify  behavioural  trends  in  the  surroundings  of  the  dam. 
Thus,  monitoring  arrangements  in  the  dam  plane  should  be 


supplemented  by  and  connected  to  a  vast  tnangutaiion  net¬ 
work  and  levellings.  Thus,  monitoring  dam  deformation  ac¬ 
cording  to  set  goals  requires  a  spatial,  i.e  three-Otmen- 
sionai  measuring  instailaiion. 

The  monitoring  of  dam  or  foundation  deformation  wifi  be 
helped  <t  displacements  are  measured  at  poinis  alortg  poth 
horizontal  and  vertical  lines  (measurement  along  Imes)  ex¬ 
tending  as  tar  as  possible  into  the  foundation  and  including 
It.  Redundancy  -  essential  in  this  case  -  is  then  achieved  by 
measuring  the  displacements  at  the  poinis  intersecting  the 
orthogonal  lines  of  this  rteiwork.  using  various  methods. 

If  a  dam  includes  inspection  galleries  artd  shafts,  deforma¬ 
tion  values  along  vertical  lines  can  be  obtamed  by  using 
plumb-lines  (both  hanging  and  inverted)  and  along  hori¬ 
zontal  lines  by  traverses,  both  methods  being  standard 
practice.  Where  there  are  neither  galleries  nor  shafts  (as  in 
embankment,  thin  arch  and  small  gravity  dams),  the  same 
result  can  be  achieved  by  an  orthogonal  network  of  survey 
targets  on  the  downstream  face.  These  targets  are  sighted 
by  angle  measurement  (combined  with  optical  distance 
measurements  if  required)  from  reference  points  outside 
the  dam.  The  geodetic  measurement  of  deformation  does 
have  one  disadvantage,  however.  Because  it  is  costly  and 
can  be  pertormed  by  specialists  only,  it  cannot  be  per¬ 
formed  frequently.  In  routine  but  more  frequent  monitoring 
— of  short-term  behaviour —the  work  may  be  confined  to  ob¬ 
serving  trends  at  selected  points  (usually,  along  the  crest 
but  occasionally  along  vertical  lines)  by  simple  angle 
measurement  or  by  an  alignment  supplementing  the 
measuring  installation.  The  settlement  of  an  embankmenf 
dam  can  easily  be  monitored  by  levelling  of  the  crest.  Here, 
redundancy  is  not  essential  since  levelling  can  easily  be  re¬ 
peated.  However,  it  is  essential  to  extend  levelling  to  some 
distance  beyond  the  abutments.  Alternative  measuring 
methods  to  assess  deformation  of  an  embankment  should 
include  settlement  gauges,  hose  levelling  devices  or  exten- 
someters. 

Afeesuring  lines  may  be  extended  into  the  toundalion  by  in¬ 
verted  plumb-lines  and  extensometers  (preferably  mutti-rod 
extensometers  aimed  in  2,  preferably  3  directions  to  detect 
spatial  displacements).  In  some  cases  use  may  also  be 
made  of  a  sliding  micrometer,  preferably  incorporating  an 
inclinometer,  to  determine  not  only  strains  but  also  incli¬ 
nations.  Where  there  are  exploratory  and  drainage  galler¬ 
ies,  traverses  may  be  extended  into  the  abutments.  Redun¬ 
dancy  may  be  dispensed  with  if  plenty  of  foundation  and 
abutment-gauging  instruments  are  available. 

4.  Seepage 

Every  reservoir  entails  seepage  through  the  dam  structure 
and  its  foundation,  even  if  there  is  a  grout  curtain.  In  con¬ 
crete  dams,  seepage  is  usually  slight  and  confined  to  per¬ 
meable  areas  of  the  concrete,  as  well  as  along  ioints  and  at 
the  contact  between  rock  and  concrete.  But  any  unusual 
rise  in  the  seepage  rate  is  a  danger  warning.  Seepage  flows 
cause  uplift  pressure,  which  should  be  carefully  monitored 
in  concrete  dams  in  view  of  its  considerable  impact  on  sta¬ 
bility.  In  embankment  dams,  seepage  flow  through  the  em¬ 
bankment  is  similar  to  that  in  the  toundalion.  since  con¬ 
struction  materials  (including  those  used  tor  the  impervious 
core,  it  any)  are  more  or  less  pervious.  Seepage  through 
and  underneath  the  embankment  causes  pore-water  and 
uplift  pressure,  which  has  a  crucial  impact  on  stability 
Seepage  should  therefore  be  carefully  monitored,  because 
any  abnormal  rate  may  indicate  a  development  within  the 
embankment  or  the  foundation  that  may  be  a  serious  threat 
to  safety. 
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Tiic  lotai  seepage  rate,  m  either  type  ol  Oam,  wnit  indicate 
wtiether  seepage  as  a  wiiote  may  be  considered  normal 
Gauging  may  be  citiicr  volumetric  (using  a  calibrated  con¬ 
tainer  and  a  stopwatch)  or  by  using  a  gauging  weir  or  flume 
Since  botli  methods  are  simple  and  reliable,  redundancy  is 
not  necessary.  As  tar  as  possible,  however,  partial  seepage 
rales  (i.e  those  occurring  in  selected,  isolated  zones) 
should  be  monitored.  It  an  abnormality  is  detected,  the  criti¬ 
cal  zone  will  be  all  the  more  easy  to  identity,  as  wilt  the 
search  tor  the  cause  ot  the  seepage. 

In  embankment  dams  constructed  from  soluble  or  easily 
erodabte  materials  -  or  founded  on  such  materials — it  is  re¬ 
commended  to  monitor  lurbiOily,  at  least  at  regular  intervals 
if  not  constantly.  This  should  be  toltowed  by  periodic 
chemical  analysis  of  the  seepage  water.  In  this  way  useful 
data  can  be  obtained  lor  assessing  the  stability  ol  the  em¬ 
bankment  and  foundation  materials,  and  of  the  grout  cur¬ 
tain  in  particular. 

The  pattern  ot  seepage  and  pore-water  pressures  -  es¬ 
pecially  in  the  foundation  and  the  impervious  core  —  has  a 
significant  impact  on  the  normal  behaviour  of  embankment 
dams.  Since  pore-water  pressures  should  not  exceed  de¬ 
sign  values,  they  must  be  carefully  monitored,  possibly  by 
pressure  cells.  The  greater  the  number  of  measurement 
profiles  and  number  of  cells  per  profile,  the  more  useful  the 
data  obtained  will  be.  This  method,  redundant  in  itsell.  is 
highly  advisable  in  view  of  the  considerable  failure  rate  of 
pressure  cells. 

Although  recent  experience  shows  that  the  installation  of 
pressure  cells,  even  in  existing  embankment-type  dams,  is 
possible,  refurbishing  is  not  always  feasible.  In  such  cases 
seepage  will  have  to  be  monitored  by  gauging  the  phreatic 
linein  selected  points.  This  may  be  done  by  using  standpipe 
piezometers,  in  which  the  piezometric  level  is  checked  (e.g. 
by  a  light  or  acoustic  gauge).  Since  gauging  the  phreatic 
line  provides  a  redundancy  with  regard  to  pore-water 
pressure  measurements,  and  its  evolution  is  an  important 
behavioural  indicator,  standpipe  piezometers  should  be 
standard  equipment  in  any  embankment  dam  and  should  be 
installed  in  several  cross  sections. 

Seepage  underneath  a  concrete  dam  causes  upHIt  pres¬ 
sures  that  act  against  the  -  stabilizing  -  effect  of  the  dam's 


seii-weigrn  Although  such  pressures  are  usually  controlled 
by  a  groul  curiam  and  also,  m  some  cases,  by  drainage 
tioies.  the  etlectiveness  of  both  sliould  be  citecked.  and 
upiiil  pressures  careiully  monitored,  except  in  cases  where 
the  dam  would  continue  to  be  safe  even  under  tite  most  ex¬ 
treme  uplilt  pressures.  Since  foundation  conditions  are  het¬ 
erogeneous  (fracturing),  uplift  pressures  should  be 
measured  in  as  many  cross  sections  as  possible  and  at  sev¬ 
eral  points  between  tite  upstream  and  downstream  face, 
to  monitor  the  decrease  in  uplift  pressures.  Although 
measurements  taken  at  the  rock-concrete  contact  are  usu¬ 
ally  adequate,  it  may  be  advisable,  in  exceptional  cases,  to 
gauge  the  pressure  at  various  depths.  To  measure  uplift 
pressure  at  the  rock-concrete  interface,  piezometers  con¬ 
nected  to  a  manometer  have  proved  to  be  highty  reliable, 
accurate  and  robust.  SifKe  seepage  rates  are  frequently 
low  despite  high  pressure  levels,  true  pressure  readings 
may  not  be  obtained  for  quite  some  time  (several  days  or 
months).  To  avoid  incorrect  gauging,  the  piezometers 
should  be  kept  under  constant  pressure.  Readings  can  be 
distorted  or  interrupted,  either  by  clogging  of  the  piezome¬ 
ter  intake  or  the  connecting  pipe,  or  by  some  defect  in  the 
pressure  transducer.  Thus,  a  drop  in  the  pressure  reading 
should  never  be  viewed  with  too  much  optimism.  Pressure 
gauging  deep  inside  the  foundation  may  be  performed  us¬ 
ing  pressure  cells  and  standpipe  piezometers  connected  to 
a  manometer.  However,  since  failure  in  uplift  pressure- 
gauging  instruments  cannot  be  ruled  out,  redundancy  is  es¬ 
sential.  This  can  be  achieved  by  installing  a  larger  number 
of  measuring  devices  than  is  strictly  necessary,  and/or  by  a 
double  set  of  instruments  at  each  observation  point. 

In  cases  where  the  foundation  is  being  drained,  drainage 
water  discharge  should  be  monitored,  /kny  fall  in  the  flow 
rate  may  indicate  clogging  in  the  drainage  system.  (Sauging 
may  be  either  volumetric  or  by  using  a  gauging  weir,  both 
methods  being  reliable  enough  not  to  require  redundancy. 
The  discharge  of  any  spring  located  downstream  of  the  dam 
should  be  carefully  monitored.  Any  variation  in  the  dis¬ 
charge  may  indicate  some  abnormality  in  the  seepage.  But 
here  again,  volumetric  and/or  gauging  weir  methods  are 
sufficiently  reliable  not  to  require  redundartcy. 
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Part  2:  Measuring  installations  and  methods 

Explanations  to  tlie  tables 
Column  t:  Purpose 

This  column  indicates  the  measuretnent  data  required, 
grouped  Oy  loads  and  reactions  (indicators  ol  concrete  and 
embankment  dam  behaviour). 

Column  2-  tiSeasuring  installation,  measuring  Oevices. 
measuring  methoOs 

The  most  suitable  and  commonly  used  instruments/ 
methods  to  obtain  the  required  data  are  listed  in  this 
column. 

Column  3:  Requirements 

The  requirements  to  be  fulfilled  by  the  instruments/ meth¬ 
ods  are  defined  as  follows; 

R  -  high  refiabi/riy  is  required  for  the  data  which  are  indis¬ 
pensable  for  the  proper  monitoring  of  a  dam  and 
which  must  be  available  at  all  times. 


L  -  lor  important  data  it  is  necessary  to  use— together  w^ 
sufficient  redurtdancies  -  tong-Uxed  measunrtg 
equipment,  whenever  its  refurbishtng,  the  replace¬ 
ment  of  parts  or  me  establishment  of  relations  to  pre¬ 
vious  measurements  are  exceptionally  time-consum¬ 
ing  or  impossible. 

M  -  measuring  ranges  must  be  wide  enough  to  cover  ex¬ 
ceptional  loads  or  unexpected  behaviour. 

P  -  the  required  precision  must  cover  all  errors  ol  the 
complete  measuring  installation  arKf  procedure 
(inaccuracy  of  the  instruments  and  their  centering  as 
weli  as  effects  of  temperature,  embedding  materials, 
frictions,  wear,  zero-point  deviations,  non-linearities 
etc.). 

Redundancymeans  both  the  (independent)  duplication  of  a 
measuring  device  or  the  possibility  to  check  or  reconstruct  a 
measurement  by  means  of  another  measurirtg  installation. 

Column  4:  Remarks 

This  column  includes  important  indications  and  details  or 
characteristics  of  measured  data  and  equipment. 


A)  Loads 


MsBiiatm  dalBaa 

R  •  Ramoiiiiy 

L  -  Longm^ 

M  •  Maaaunng  ranpa 

P  •  Prariorw 

WUirlwiii 

l^vtrvuNc  MMMlt 

Pw—wvliUmBi 

na« 

smren« 

Ri  aaryhioh 
ii  nil 

M:  abowacraaitaval 
^  stOcm 

Radundancjrt  aoaoluiaiimaoaanry 

- — 

imooitani  maaauramani 

Rimoa  mutt  also  aoaar  0ta  Rood 

TwnpamuTM 

Alrand  WJlir 

Extamai  ifivrmaf  load 
influtnc*  on  «now 
man 

Coniinuous  racordin9  ol 
tamoaratura  vanaoon 

TMviiiOfiialar 

Mn..  max.  and  mstamanaovs 
tamoaratura 

R:  nil 

L:  nil 

«30*CtO4-40*C 

P:  Sl-C 

Radundaney;  oaairaWi;  naoaaaary 
lor  iharmoQraoi^ 

raolacad 

Conerala 

miamai  inarmai  loads 
(as  they  diractiy 
intiuance  coocrate 
daformaiion ) 

Ctacotcal  tharmematar 

TitmfNomaaar  otaoad  m  Oorahoias 

R;  vafyiHoh 

L:  varylMoh 

•fc  -to*cto^eo*c 

P:  £l*C 

Ridundawry;  nacanary;  promdaanough 
'  mstrumanu 

A  maaourmo  ronoa  up  to  <4^*0  is  only 
nacaMiry  Ourmp  a*a  conitnioon 
panod:  whan  mmaoad  latar  a  ranga  up 
to  <4  dO*C  IS  tuMcmm 

Rainlall 

RamtaH  in  Via  dam 

araa  mituenca  on 
watdf  parcoiaiion 

Ham  gauge 

R:  modarata 

■  L:  mi 

Radundaney:  not  nacassary 

;  Such  maasuramanis  ara  noi  aosoiutaiv 
!  nacassary  m  tha  immadiata  vicaruty 
of  thadam 

1 

Earth  pTMSure 

Csaancui  stmclural 
oarls 

suOiact  lo  amoana- 
mant  loaos 

Earm  prmura  call 

R:  modarate 

L:  hign 

M;  total  Oearourdan  (0  to  3  Nrmm»| 

P.  sS%otM 

Radundaney:  not  nacassary 

Tha  daformation  modulus  ot  me 
>  tnsirumani  must  be  admstad  lo  iha  type 
:  or  amoankmam  material 
■  intarprawion  and  ratuits  are 
probiamatic 
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B)  indteaiora  ol  concrf  dam  bahavioMr  (commuation) 


■  ar  UMif*  roos  («■!«•) 


Hi  I.  aM  M;  lo  M  luM  itoM  cna  to  c 
P:  sOSm 


•  tocMons  ****** 

I  M  ipigat  m  iMrai 


aiaeng  ol  anctwn  and  giaiiwit  o)  aw 


diffaranaal  lanadt  vanadans 

ddlavanaai  dadacaana,  partly 
oanamad  widi  aidayg  inoaMaa 
Oadaeti^  dWaai  a>  a^d 
lawaclMaiv  ddiafanaai  oadacaa 


'  Placaigandg>aiianga(lhaguidaig 
MMt  la  a  onacal  aparaaan 
’  niemaiaandad  lot  dia  aieadraaon  ai 
daoanamaaat  (cracas  and/ar  lamt) 


WandC-natyiiigw 

P.  (dnaaaniaadiaa 


aldiadaiaandaa 

aufcmmanpi 


coMT  a  laiga  Ma  la  anaata  aw  lang 


'  Wdalaandlnaicaaanaanaiaaiiiring 
anddDduaaanaiaaiaaaiaaaaiaa 


(•nchnauena) 


-  antn  a  Wval  and  a  nw 

-  ndhdaaet  display  (a 


Nandtriogh 

M  and  d:  acGordmg  la  amaas 


n<m  emtr  maasunng  inauaaiions 
sucn  as  pkimeiMtaa  lor  msnnca 


Naar  la  camtiss  rasurta  ara  anon 
inauancad  ay  maaa  caneataiaaen 
and  aanalar  atlacis 
RaauNa  may  be  Mipratiad  By  snort 
chams  01  measuring  straicnas 


vpscNic 

Ctadrtc  tfdOfiiMtsft  WHbctftfsd 

• 

IlML'Afgft 

-  Ffoquool  mufumoni  tnuros 

m  cpncivt*  cembmcd  wiffi 

M:  -  0«torm«i(ont  2  mm/m 

-  Banamour  onan  mnuencad  Oy  Weal 

MmCM^aiwr*  mtMurcmtnts 

-  lamoaraaire-arCio  *S0*C 

nworiai  cortoitmos  at  mo  msirumtrM 

P-  -  stress  sOJU/mm’ 

site 

•  ItmotTMurt  s0.2*C 

^jwiaawci.nfmfwcytoyifiMmot 
-  unmumnotm  fntsrumtms 
•  om«r  (yots  ol  «ntrum«m  lor  comparison 

•  Analysis  ol  tne  rocoros  pr  oOHmoitc 
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— j  T^imminn 

MgjKnwg  PgwciB 

M>MufW89  npiaai 

SMpag*  •i(OU9n  dam  and  leundaMn 


QuiduraHndm  .  vahHMMcMMura 
■■ddralMdaMMr  |  cdMiraiad canunat 
(Ol^ianaaandiniaui)  taip.  byaakiaiadap 
aiample  ttt  iiiaani  a 


fiadaL.Mcx  M 

M:  alia  i  'iM'wattaetiaiva  *100% 
O:  sOOOI/a  np.  sSie  lO%alM 


NdMaklii^ 

M  ataa-aapao 
0:  sS%alM 


Idachafga  *100% 


ag  mpipasoldraaiagaa 


oaiaufa  ddlaranaaO 
I  -  lonat  a>  aiagnala  iduelwa 


HaiidL;MWi 
M;  aiaa.aBpae 
O;  sS%oiM 


vaMcdyoiiiaa) 


wany  by  ataans  at  ada 
I  at  addmanai  gaugaa 


0  OS  I/a 

'  AiMcaiacangpaadoiOiaiaiaidaai 
laapaga  a  laeardar  and  an  aUna 
tvial  anauM  ba  pranidad  lac 


SanpM  maana  tar  a  pariad«al  cnack  at 
Via  ndtaabana  aiuat  ba  pnMdad  tar 
(Hianaraawtv  man.  baa  baw 
maaaunng  VuiM) 


<upa«  and  malar 
praaaura  m  rack 


Opanbatabata/ 


Gaugaig  a<  Ma  watar  tawal  by  a  o 
hna  wiOi  bgbi  ar  aeauahe  ai^ 


R:  na 
U  Mgh 

il:  tsW  tnySi  of  bowAoic 
P:  v02aifaap.xl%o«M 


I  naaauraaidieabanbybigb 


Rand  L:  Mgh 

•t  luMI  bai^  bamaan  manamawr  i 
damoasi 

R:  s0^niraap.*1%atM 


»  a)  prawnatara  n  giaupa 


Rnaumallc,  bydraiilta  ar  ataebtaal 


!  RandL:Ngb 

I  M:  talalhdightbabraaneaaandgam 
cnai 

;  P:  xOLSraiaap.  s  l%alM 


praMaian  at  a  graai  mmioar  at 
oava  ar  dapaaitian  m  graupa 


»  IWPIOO 

-  Pipaaandcataiacaeimaniannniaiara 
muat  ba  malanigbi 

-  PanaltaaavaprataMiaaililiciaiy.ta 
aVtar  Vta  Bbaarvman  at  niaa 
praaauraa  a»gn  it  Play  naad  a  tang 
tanalabiiildup 

-  Panadicatyanbngatpipaataquiraa 

-  Panadieal  ebacli  at  niananidiaia 
abaataiaty  narataary 


-  Cenvalraadaigalpiaaauraeaaa 
apraad  anar  a  larga  araa  paasibM 

-  Hydraulic  owauiraapaaBibta  gray  M 
the  maaauraig  aukan  haa  bataw  me 
imnrmuni  preaaura  leyei 

-  Carelul  aaleetien  at  me  MMr  type  Ml 
erder  ta  avaid  da  early  ctoggmg 

-  Placing  al  cella  eucMig  eipeciaiiy  il 
levarai  W  mem  muai  be  msiaaed  mi 
me  aame  borehole 
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ivi«nunc«g  «tMo«  in  on*  dw^dion 
oaMndmQinioobut'  |;opiicai»9ntangof0io«ir*.  M^iicn 
mints  and  woMytiOts  mart»*  a  vortical  rataranca  plant 


Hand L  warytugn 

M:  msK.  caicutatad  oaoacfcon  ^50% 
P:  £i  mmraip.  si%oiM 


-  Prawaion  indapanoam  tfom  tangtn  pt 


■  ApphcaHeontyioairaigntsirucuiras 

■  Man.  langth«ii«fMadbyouaMyand 
udignt  ot  tna  wira 


*  caiiOfaimgataimntcrmatiringomnca 


tnangutalion:youpaotfo<aaancag 
muat  6a  proMdatf  on  Mh  MOar  aid 


naqMifamantit66o*aaoiromcoaoiocoaa 


ooiiOiinaOon  won  inanQuioiion 


Saa  aama  iMm  tmOar  **Oiapiacamanis 


Baquiramanta  lo  60  liiod  (rom  cat* 


nydranOelaada 


comomaaon  won  avangulalion 


nanovnion 

M:  SO-IOOm 

P:  s  5  em  (conaouction  pnaaa) 

I  £tom<oparoiion.aliarraNVtaiiaNon) 


Moao  toooOmg  O^nOoo 


n  and  1.  tugii 
10:  a  taw  molars 
P;  s  » cm 

Aadundaner  nocossoTY  wm«  a 
aottiomont  90090  and  lovoOing 


angidar  moBBiiromonts 


Soo  aama  dam  unoor  T>iao>acamantt 
along  vaitcai  tmot** 


•  Vary  OBaetmg  maaouromoni; 
ailacnmant  to  ma  tnangutaaon  « 
abaolutaty  nacaaaary 


-  Pipa  atamama  <6  m 

-  VartcaMydunngpiactngtoDa 
chacSad  carotuNy 

->  OifticuiMs  twin  mcwiad  sysiams 
Etactricai  9auQas 

Combmanon  with  pipa-mciinomaiai 


«  Communication  tuoas  witn  dKoct 
raadmg  on  tna  glass  standout,  mr 
luoas  par  maasurmg  pomt 

-  Vary  accurate,  somawnat  Clumsy, 
sensitive  to  trost 

-  Oeaeraiton  01  tne  measuring  Huk} 
nacassary 
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C)  indicators  oi  embankment  dam  behaviour  (conimuaiion) 


Purpose 

biaaturing  mslabslion 

Pamanis 

blaaninng  damccs 

n  •  iiakaiMkiy 

L  Longevity 

taasauring  imHhoOs 

M  •  bicasurtnq  range 

P  •  Precision 

0<towwjnow  •!  eam  and  Ipvmuian  (commuaiton) 


wiVi  on«  or  mor«  rods 


9<oei  Of suriwoms 
on  long  sirotctf  or 
OitloronMl 
moosMTomonts  oMog 
cnamsotsnon 


to  DO  i*«od  from  case  lo  COSO 
P:  £  I  mm 


I  -  Plocmg  01  anchors  one  gmuong  oil 
proiaclfwo  baaif  aro  osaeang 
OQOrationt 

j  >  Tamransmntinn  possibf 


I  canttaachtawoeby 
I  -  installing  mstrumanis  m  sawarai 
comparaoia  locatoons 
>  lubdMiOing  ma  luN  langm  m  aavor. 
1  pans 

•  cenffon  aam  aligniiiani  or  lain 


gofial  or  paraal.  raspactivaiy 
difiorantiai  CMhacbons 
<cham  ot  oattactomatars) 


naomramants  lo  ba  tiaad  from  casa  to  casa 
ftsOmrtinnr  not  nacassary 


Elaetricai  pkimbima  proba  m 
Aandpf  sMbi  guf  grooif 

'  Pracmon  highly  dapandam  upon 
gmdMtg  aysiam 

-  Placing  and  grouang  01  ihaguftg 
tiaavas  ara  osacang  oparabons 

-  Oacommandad  ior  tha  locabtation  oi 
foommuOf  (cracks  and/or  iomhs) 
and  to  obaarva  ihair  movamants 

•  Maasuramant  and  MMrpraiaiion  itma 
consuming 


aandU««ryhigh 

at  biOMdual  paMa  eoafiad  bom  eaaaio  cast  with: 

P:  (HwMMMStlwaiMCIMiiManaiTar) 

afbtaoamandits  {  «  baii'ariai  and  tanobaigt 

<  s  SmmtecnuMuhngeMiemiwI 

surroundings  I  ->  dacbo  apbcddiatanca 

impanant  titMauring 

maaauromanis 

pomts 

'  "  qoee  pMwttjng 

«  SlOnMitoroPMrpointt 

^  alignmanc  axiansomaiars 

1  -  varbcalaaniamantgaugas 

napumuncy  pBPotuiaty  n»r  wmy 

1 

py  rnaani  ot: 

1  ' 

—  aupprpbundppt  iwpwiopa  popwi  ppd 

j 

aiMMPIS 

j 

•  ooipPinplMiP  wPh  opiar  npaaunna 

i 

\ 

1 

1 

innaHaPom 

i 

1 

Tha  gaodaacaorvaynaaaork  must 
eewar  a  largo  aiaa  10  anaWa  bsa  long 
lann  obaarvabon  ot  eta  mnieiura  as 
sMl  as  ot  bt  auROunding  area  and 


maaauramanB  (radundan^f) 

‘  labeling  maaaia'aibant  adtich  can  ba 
carrfad  out  omy  at  long  iniarvats^ 
iSRiuaaa  provibon  ot  raduoad 


•  Aldaloandindicabonaonmaaaunng 


Maaauramania  in  gaaary  fia  or 


for  ata  bahaviour  ot  ma  whoia  mass 
Adaquaia  chack-marks  can  otian 
raplaca  a  maaaunng  oaiwca 
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8.  Legislation 

8. 1  Reglement  d 'execution 

de  I  'article  Sbis  de  la  toi  concemant  la  police  des  eaux 
(Rdglement  concemant  les  ban-ages) 

(Du  9  iuillet  1957,  dial  au  1  ianvier  1979) 

Le  ConseU  Uderal  suisse, 

vu  I'artida  3bis  da  ia  lot  (Morale  du  22  juin  1 877  concernant 
ia  police  des  eaux  dans  les  regions  ^evtes; 
vu  les  articles  2. 4  el  89  de  la  loi  Md^ale  du  23  mars  1962  sur 
la  protection  civile; 

vu  les  articles  2  et  4  A  tO  de  I'ordonnance  du  27  novembre 
1 978  sur  la  protection  civile,  de  mAme  que  I'ordonnance  du 
21  octot)re;1970  concemant  le  Service  territorial. 

arrSle: 

I.  GdneralitSs 
Article  premier 

Sont  soumis  au  present  r^lement  les  barrages  dont  la  hau¬ 
teur  de  retenue  au-dessus  du  niveau  d'dtiage  du  cours 
d'eau  ou  du  niveau  du  thalweg  est  de  10m  au  moins  ou.  si 
cette  hauteur  est  de  Sm  au  moins.  ceux  dont  la  retenueest 
supdrieure  8  SOOOOm^. 

Le  prdsent  rdglement  est  aussi  applicable  par  analogie  aux 
barrages  qui,  bien  que  n'atteigrtant  pas  les  dimensions  prd- 
vues  d  raiUcle  premiar,  constituent  un  grave  danger  pour 
les  rdgions  situdes  an  aval. 

11  an  est  de  mdme,  loraque  la  sdcuritd  publique  est  an  ieu. 
pour  les  barrages  an  rividre  crdant  une  accumulation  prin- 
dpalemant  au  moyen  de  vannes  mobiles. 

Art  2 

Oes  exceptions  seront  autorisdes  sll  est  prdsumable  que 
I'exdcution  de  certaines  dispositions  du  prdseni  rdglement 
n'est  pas  en  rapport  avec  I'importance  de  I'ouvrageet  avec 
les  dartgers  qu'il  raprdsente  pour  les  rdgions  situdes  en 
aval. 

Art.  3 

Le  Odpartement  tdddral  des  transports,  des  communica¬ 
tions  et  de  I'dnergie  exerce.  du  point  de  vue  de  la  police  des 
eaux.  la  haute  surveillance  sur  les  ouvrages  de  retenue 
soumis  au  prdsent  rdglement. 

II  ddcide,  de  concert  avec  le  Odpartement  militaire  (dddral  et 
les  autres  departements  intdressds.  si  Ton  se  trouve  en  prd- 
sence  des  cas  spdciaux  visds  par  les  articles  ler  et  2  et 
autorise,  le  cas  dchdant.  des  exceptkms.  A  cette  fin.  les  pro- 
jets  gdneraux  des  ouvrages  de  retenue  doivent  lui  dtre  sou¬ 
mis  par  I'intermddiaire  de  rautoritd  cantortale  compdtente. 
Le  Odpartement  tdddral  des  transports,  des  communica- 
lions  et  de  I'dnergie  ddcide.  de  concert  avec  le  Odpartement 
militaire  tdddral  et  I’Office  tdddral  de  la  protection  civiie  et 
aprds  avoir  entendu  les  cantons  mtdressds.  quels  sont  les 
lacs  d'accumulation  pour  lesquels  un  sysidme  d'alarme- 
eau  est  ndcessaire.  II  fixe,  dans  chaque  cas.  de  concert  avec 
lesddpartements  intdressds  et  aprds  avoir  entendu  les  carv- 
tons  et  les  propridtaires  des  ouvrages,  rdtendue  des  zones 
rapprochdes  qui  doivent  dtre  dquipdes  d'appareils  d'alar- 
me-eau.  Le  Conseil  tdddral  peut  excepbonneaemant  pres- 
crire  la  transformation  du  systems  d'alarme  eau  en  un  sys¬ 
tems  constamment  prit  d  tonctionner  avec  MMcommande 
automatique. 


8.  Legislation 
8.1  Executive  Decree 

Concerning  Article  Ms  of  the  Federal  Law  Regarding 
the  Supervision  of  Hydraulic  Structures  (Dam 
Regulation) 

(July  9.  1957,  state  January  1. 1979) 

The  Federal  Council 

based  on  Article  3bis  ot  the  Federal  Law  ol  June  22. 1877 
regarding  the  Supervision  ol  Hydraulic  Structures  in  High 
Mountain  Areas 

based  on  Articles  2. 4  and  89  of  the  Federal  Law  ot  March  23, 
1962  regarding  Civil  Protection 

based  on  Articles  2  and  4  - 1 0  of  the  regulation  of  November 
27, 1978  regarding  Civil  Protection  and 
based  on  the  decree  of  October  21 . 1970  concerning  Terri¬ 
torial  Services 

decides: 

I.  General 
Aitictel 

Subject  to  this  decree  are  all  dams 

-  wMh  a  minimum  imponding  head  of  10m  above  the  low 
water  level  of  exisling  waters  or  above  the  existing  terrain, 
or 

-  with  a  minimum  imponding  head  of  5m  and  a  reservoir 
capacity  of  more  than  SOOOOm*. 

Dams  below  the  above  dimensions  may  be  subject  to  this 
regulation.  H  they  considerably  endanger  the  population  in 
the  area  downstream  of  the  dam. 

Weirs  providing  damming  mainly  by  gates  may  be  governed 
by  this  regulation.  H  required  by  the  interests  of  public 
safety. 

Article  2 

Exemptions  are  granted  if  the  fulfilment  ot  certain  articles  ot 
this  decree  is  utweasonable.  compared  to  the  importance  ot 
the  structure  and  the  danger  to  the  downstream  area. 

Arbcle  3 

The  supervision  of  facilities  for  storing  water  subject  to  this 
decree  is  irrcuitteent  on  the  Federal  Department  for  Trans¬ 
portation  and  Energy. 

The  Department  decides  in  agreement  with  the  Federal  Mili¬ 
tary  Department  artd  other  interested  Departments  on 
exemptions  regarding  Article  1  and  2  arxl  authorises  excep¬ 
tions  if  necessary.  To  this  end.  the  preliminary  designs  ot 
dams  must  be  submitted  to  the  Department  through  the 
medium  of  the  competent  State  Authority. 

The  Federal  Department  for  Transportation  and  Energy  de¬ 
cides  in  agreement  with  the  Federal  Military  Department  and 
the  Federal  Office  for  Civil  Protection  and  after  hearing  the 
interested  States  on  the  necessity  of  water  alarm  systems 
for  dammirtg  faciities.  It  decides  in  agreement  with  the  dif¬ 
ferent  Departments  and  after  hearmg  the  interested  States 
and  the  owners  of  the  dams  on  the  extent  of  the  dose  alarm 
zones  to  be  providod  with  water  alarm  equipmsnL  In  excep- 
tiortaf  cases  the  Federal  Council  may  specify  permarwni 
water  alarm  systems  with  automatic  remote  release. 
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Aft  < 

L'autofii^  exar^ni  la  haute  surveiitance  peut.  d’oniente 
avec  le  canton  inidresse  el  aprds  avoir  pris  contact  avec  le 
maitre  de  I'oeuvre.  nonwner  des  experts  charges  de  trailer 
les  questions  relevant  de  la  haute  surveillance,  '.es  Irais  y 
relalits  sont  a  la  charge  du  tnaiire  de  t'ceuvre. 

Art  5 

Pour  ^laborer  les  proiets  des  diXdrentes  parties  de  I'instal- 
lation,  le  maitre  de  I'oeuvre  doit  prendre  assez  tdt  contact 
avec  les  autoritds  de  surveillance  de  la  Confdddration  et  du 
canton.  L'autoritd  canlonale  compdtente  soumet  ces  pro- 
/eis  a  I'autorit^  de  haute  surveillance,  pour  approbation, 
dans  un  ddlai  convenable  avant  le  ddbut  des  travaux.  Ceux- 
ci  rte  peuvent  Atre  entrepris  qu'une  fois  les  proiets  approu- 
ves. 

Ooivent  4tre  joints  aux  projets: 

a  Les  rdsultats  des  Etudes  gdologiques  et  techniques  du 
sol  de  fondation  et  du  bassin  d'accumuiation; 

b.  Les  calculs  statiques  ou  de  stability; 

c.  Les  rdsultats  des  examens  prtolables.  executes  avec  la 
participation  d'un  laboratoire  d'essai  des  matdriaux  ou 
d'un  laboratoire  de  mecanique  des  terres  officiellenient 
reconnus.  concemant  les  mat^riaux  prdvus  pour  la 
cortstruction  de  I'ouvrage; 

d  Toutes  les  indications  ndcessaires.  de  caractdre  tech¬ 
nique  et  hydraulique,  concemartt  les  installations  pr^ 
vues  pour  I'dvacuation  des  crues  et  pour  la  vidartge,  airv- 
si  que  la  durte  requiae  pour  rabaisaament  prdventif  du 
bassin  d'accumuiation. 

Les  modificatiorts  des  projets  qui  s'teartent  considdrable- 
ment  des  plans  approuvds,  ainsi  que  les  transformations  et 
les  agrandissaments  apporMs  par  la  suite  aux  ouvrages 
doivent  4tre  communiques  A  I'autorM  de  haute  surveillance 
et  taire  t'objet  d'une  approbation  apteiate. 

Art  6 

Avant  d'approuver  lea  plans  et  les  modHications  apport«es 
aux  (Kojets.  I'autorite  de  haute  surveitlance  les  soumet 
pour  avis,  aux  (Mpartements  interesaes. 

Art.  7 

Durant  U  pdriode  de  construction  et  aprta  I'achevement  de 
I'ouvrage,  I'autorite  de  haute  surveiManoe  sera  ranseignee 

sur 

a.  Tous  les  rdsultats  des  essaisdebMonetde  mecanique 
des  terres.  Ces  essais  seront  executes  suivant  un  pro¬ 
gramme  etabli  en  collaboration  avec  I'autorite  de  haute 
surveillance  et  en  application  de  rarticle  4  de  I'ordon- 
nancedu2t  aout  1962  concemant  lecalcui.rexecution 
et  I'entretien  des  constructions  placees  sous  la  surveil¬ 
lance  de  la  Confederation  (OrdonrtatKe  sur  les  normes 
de  construction).  Les  resultats  des  essais  seront  consi- 
gnes  dans  des  rapports  partiels,  puis,  une  fois  les  tra¬ 
vaux  achevds,  rassembies  dans  un  rapport  firut 
b  Les  resultats  des  injections  necessaires  pour  la  conso- 
lidatKtn  et  t'etanchement  du  sous-sol; 
c  Les  resultats  des  mesures  effectuees  conformement  a 
I'artide  12.  Ces  resultats  devroni  dtre  rassemwes  dans 
des  rapports  armueis;  radicle  2S  est  reserve; 
d  Les  prindpaux  plarts  d'execution. 

Art.  8 

Le  propnetaire  de  I'ouvrage  est  tenu  d'accorder  en  tout 
temps  le  libre  acces  *  ses  installations  aux  fonctionrtaires  et 
autraspersonnesehargesparlesofficesfederauxdel’exe- 
cutiondelapresanteordonnance;llleurtoumiralesrefuei- 
gnements  atlas  documents  dont  its  ontbesoin  pour  remplif 
leur  teche. 


Article  4 

The  Supervising  Authority  may  in  agreement  with  the 
interested  States  and  after  contact  with  the  owner  appoint 
experts  for  the  treatment  of  problems  in  conrtection  with  the 
supervision.  All  relevant  costs  have  to  be  paid  by  the  owner. 

Article  5 

The  final  design  ol  the  different  parts  of  the  plant  is  to  be 
prepared  in  contact  with  the  Supervising  Authorities  of  the 
Confederation  and  the  State.  It  must  be  submitted  through 
the  State  Authorities  to  the  federal  Supervising  Authority  at 
reasonable  notice  before  the  stad  of  construction.  The  con¬ 
struction  may  not  stad  before  approval  of  the  final  design. 
The  final  design  must  include; 

a)  the  results  of  the  geological  and  technical  investigations 
ot  the  subsoil  at  the  dam-site  and  in  the  reservoir  area; 

b)  static  aiKt  stabiiity  analyses; 

c)  the  results  of  the  investigations  of  construction  materials 
foreseen  tor  the  construction  of  the  dam.  These  pre-in¬ 
vestigations  have  to  be  carried  out  with  the  assistance  ol 
recognized  material  testing  or  soil  mechanics  laborato¬ 
ries; 

d)  all  relevant  technical  and  hydraulic  information  on  spill¬ 
ing  facilities  and  for  emptying  of  the  reservoir.  The  time 
required  lor  the  precautionary  drawdown  of  the  reser¬ 
voir  has  to  be  specified. 

Essential  changes  to  the  design  and  later  alterations  and 
extensions  of  the  plant  have  to  be  submitted  to  the 
Supervising  Authority  tor  approval. 

Article  6 

The  Supetvismg  Authority  notifies  the  involvad  Federal  De¬ 
partments  before  the  approval  of  the  project  or  its  changes. 

Article  7 

During  and  alter  construction  the  Supervising  Authority  has 
to  be  notified  about 

a)  all  results  of  ct)ncrete  control  and  all  soil  mechanical 
tests.  These  tests  have  to  follow  a  procedure  established 
in  co-operation  rvith  the  Supervision  Authority  and  ac- 
cordirtg  to  article  4  ot  the  Executive  Decree  ol  August  21 . 
1962  concemirrg  the  Design,  Execution  and  Mainte- 
narrce  ot  Constructions  Placed  urvler  the  Supervision  of 
the  Confederation  (Executive  Decree  on  Construction 
Standards).  Theresultsof  thesetestsaretobesubmitted 
as  intermediate  reports  and  gathered  in  a  final  report 
when  construction  has  been  completed; 

b)  the  results  of  all  grouting  required  to  consolidate  and 
impermeabilize  the  subsoil; 

c)  the  results  of  all  measurements  according  to  Article  12  in 
yearly  reports  (Article  25  is  reserved); 

d)  the  main  as-built  drawings. 

Article  8 

The  owner  is  obliged  to  grant  access  to  the  plant  at  all  times 
to  all  civil  servants  commissioned  with  the  execution  ol  this 
decree.  He  is  furthermore  obliged  to  give  all  necessary  in¬ 
formation  and  make  available  all  docutrtents.  The  same  rule 
applies  to  delegates  and  experts  of  the  Supervising 
Authorities. 


Art.  9 

Le  contrdle  exerce  par  les  organes  oHiciels  et  leurs  manda- 
taires  ne  d^gagera  en  aucune  (agon  le  proprietaire  de  I'ou- 
vrage  de  sa  responsabilite  civile  et  de  ses  obligations  en  cas 
de  dommages. 

//.  Ouvrages 

Art.  10 

Les  barrages  doivent  etre  construits  de  mani^e  k  r^pondre 
aux  exigences  particutieres  qui  leur  sont  demandees. 
compte  tenu  de  la  nature  du  sous-sol,  du  type  de  I'ouvrage 
et  du  mode  d’execution  prwu. 

Art.  11 

II  y  a  lieu  de  pr^voir,  a  I'int^rieur  des  barrages,  les  am4na- 
gements  necessaires  aux  contrdles  et  aux  revisions  6ven- 
tuelles. 

Art,  12 

Des  installations  adaptees  a  I'importance  de  I'ouvrage  se- 
ront  amenag^s  pour  mesurer  les  deformations  subies  par 
les  fondations  et  le  corps  du  barrage,  les  pertes  d'eau  par 
infiltration,  les  temperatures  a  I'exterieur  et  k  I'interieur  de 
I'ouvrage,  la  pression  de  I'eau  sur  la  surface  de  fondation  du 
barrage,  ainsi  que  les  pressions  de  I'eau  interstitieile  et, 
eventuellement,  les  lignes  de  saturation  dans  les  digues. 
Ces  mesures  devront  autant  que  possible,  etre  entreprises 
deja  pendant  la  construction  de  I'ouvrage. 

Art.  13 

Ufte  installation  de  dimensions  suffisantes  sera  amenagee 
pour  evacuer  les  crues  lorsque  le  bassin  est  plein.  On  justi- 
fiera  la  crue  admise  pour  calculer  I'ouvrage. 

Art.  14 

Une  vidartge  de  fond  devra  etre  instalien  pour  permettre  la 
vidange  du  bassin  d'accumulation  et  la  regularisation  du 
niveau  du  lac.  Si  les  circonstances  I'exigenL  deux  vidanges 
seront  arndnagees  k  des  niveaux  differents. 

En  regie  generale,  les  vidanges  seront  equipees  de  deux 
vannes,  I'une  faisant  fonction  de  dispositif  de  sdcurite,  I'au- 
tre  de  dispositif  d 'exploitation  et  de  reglage. 

Art.  15 

Les  ouvrages  de  decharge  seront  completes  au  besoin  par 
des  installations  permettant  d'evacuer  I'eau  sans  domma¬ 
ges. 

Art.  16 

Si  la  rupture  de  conduites  raccordees  a  la  prise  d'eau  peut 
entrainer  d'importants  dommages.  il  y  a  lieu  de  prevoir  un 
dispositif  de  fermeture  automatique  pouvant  etre  actionne 
manuellement  et  a  distance. 

Art  17 

Des  installations  seront  amenagees  pour  enregistrer  les  ni¬ 
veaux  de  I'eau  et  les  debits  ecouies  du  bassin.  L'ampleur  de 
ces  installations  dependra  de  I'importance  du  barrage. 

Art.  18 

Le  barrage  et  la  centrale  seront  relies  par  une  irtstallation 
offrani  toute  garantie  pour  la  transmission  de  renseigne- 
ments  et  d'ordres. 


Article  9 

By  the  supervision  of  the  Federal  Authorities  or  its  delegates 
the  owner  ol  the  plant  is  in  no  way  released  from  his  liabili¬ 
ties  and  responsibilities  in  case  of  damages. 

II.  Constructional  Requirements 

Article  10 

The  construction  of  dams  has  to  conform  to  the  require¬ 
ments  of  the  individual  case,  to  the  subsoil  conditions,  to  the 
type  of  dam  selected  and  to  the  planned  way  of  construc¬ 
tion. 

Article  1 1 

In  the  interior  of  the  dams  all  constructional  facilities  shall 
be  provided  in  view  of  their  monitoring  and  possible  revi¬ 
sion. 

Article  12 

According  to  the  importance  of  the  structure,  the  necessary 
facilities  have  to  be  provided  for  the  measurement  of: 

a)  the  displacements  of  the  dam,  its  foundation  and  abut¬ 
ments. 

b)  the  seepage  water. 

c)  the  temperature  in  and  outside  of  the  dam, 

d)  the  uplift  pressure  in  the  foundation  contact  zone  of 
concrete  dams. 

e)  the  pore  water  pressure  and.  if  necessary 
0  the  seepage  line  in  earth  dams. 

The  observation  of  these  data  has  to  start  possibly  during 
construction. 

Article  13 

To  discharge  floods  at  full  reservoir,  an  appropriately 
designed  spillway  has  to  be  provided.  The  flood  data  used 
for  the  design  have  to  be  submitted. 

Article  14 

For  the  emptying  and  regulation  of  the  reservoir,  a  bottom 
outlet  has  to  be  provided.  If  necessary,  two  outlets  at  differ¬ 
ent  elevations  have  to  be  envisaged. 

As  a  rule  the  outlets  must  have  two  closing  devices  of  which 
one  serves  as  safety  device  and  the  other  as  operatirtg  or 
regulating  device. 

Article  15 

It  necessary,  facilities  tor  the  safe  discharge  of  water  re¬ 
leases  are  to  be  provided  downstream  of  spillways  and  out¬ 
lets. 

Article  16 

If  the  rupture  of  a  conduit,  beyond  the  water  intake,  might 
cause  considerable  damage,  an  automatic  closing  device 
has  to  be  provided,  which  can  be  released  manually  and  by 
remote  control. 

Article  17 

Devices  tor  the  recording  of  the  reservoir  level  and  the  water 
releases  from  it  have  to  be  provided.  Size  and  extent  of  these 
devices  have  to  be  in  accordance  with  the  importance  of  the 
darn. 

Article  18 

A  reliable  communication  link  between  dam  and  operating 
center  has  to  be  established  lor  the  transmission  ol  mes¬ 
sages  and  signals. 
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III.Me$uressp6ciales  en  vuedegaraniirla  sdcurite 
pubUque 

Art.  19 

Pour  les  mosures  spteiales  de  sdcurit^  h  ordonner,  il  sera 
ienu  comple  aussi  bien  des  domtnages  pouvant  rdsulter  de 
la  destruction  de  I'ouvrage  que  des  depenses  suppl^en- 
taires  ndcessaires.  pour  assurer  une  plus  grande  securite. 

Art  20 

Les  diffdrentes  parties  de  I'ouvrage  seront  projettes  et 
eonstruites  de  taqon  i  salistaire  non  seulement  aux  exigen¬ 
ces  techniques  normates  d'exploitation.  mats  encore  a  as¬ 
surer,  eu  egard  aux  regions  sises  en  aval,  une  securite  aussi 
grande  que  possible  centre  la  destruction  de  I'ouvrage  par 
des  faits  de  guerre. 

Pour  les  barrages  de  retenue,  il  s'agira  d'^lucider  dans  cha- 
que  cas  si  cette  s4curite  peut  Stre  obtenue  par  des  mesures 
constructives,  par  une  vidange  rapide  du  bassin  d'accu- 
mulation  ou  par  ces  deux  moyens  combines. 

Art.  21 

Les  ouvrages  de  vidange  des  bassins  d'accumulation  de- 
vront  avoir  une  forme  et  des  dimensions  assurant  rapide- 
ment,  en  cas  de  besoin,  la  vidange  ou  I'abaissement  partiel 
de  la  retenue,  compte  tenu  de  la  capacity  d'^coulement  du 
cours  d'eau. 

Pour  bviter  les  destructions  dues  a  des  taits  de  guerre,  le 
06partement  militaire  IMAral  fera  les  pr^paratifs  necessai- 
res  A  I'abaissenwnt  prAventif  du  niveau  des  bassins  d'ac- 
cumulation.  Le  niveau  pourra  Aire  abaissA  soit  par  I'ulilisa- 
bon  de  Ceau  accumuMe  de  divers  ouvrages  -  {'exploitation 
d'autres  amAnagements  Atant  au  besoin,  momentanAment 
suspendue  -  soiL  be  fagon  accAIArAe,  par  le  tonctionne- 
ment  des  dispositHs  de  vidange,  soit  enfm  par  la  combinai- 
son  des  deux  moyens. 

La  compAtence  d'ordonner  I'abaissement  des  bassins 
d'accumulation  pour  des  raisons  de  guerre  est  rAglAe  par 
I'article  3bis,  Se  alinAa,  de  la  loi  lAdArale  du  22  juin  1877 
concemant  la  police  des  eaux  dans  les  rAgions  ^evAes. 

Art.  22 

Les  parties  de  I'ouvrage  dont  la  destruction  mettrait  parti- 
culiArement  en  danger  les  rAgions  situAes  en  aval  (p.ex.  les 
dispositifs  d'ouverture  des  vannes  de  fond  ou  de  termeture 
des  conduites  forcAes  a  leur  partie  supArieure)  devront  si 
possible  etre  amAnagAes  sous  terre  et  A  I'abri  des  bombar- 
dements. 

Art.  22bis 

Le  OApartement  militaire  (AdAral  pourra  ordonner  des  me- 
sures  complAmentaires  de  protection,  telles  que  la  pose  de 
cAUes  aAriens  et  de  filets  protecteurs  ou  le  camouflage.  Si 
des  formations  de  defense  antiaArienne  ou  de  surveillance 
sont  chargAes  en  permartence  de  la  dAlense  de  certains 
barrages,  les  propriAtaires  de  ces  ouvrages  seront  tenus  de 
leur  fournir  le  logement  nAcessaire. 

Art.  23 

Dans  les  cas  fixAs  A  I'article  3, 3e  alirtAa,  un  systAme  d'alar- 
me-eau  sera  installA  de  fagon  qu'il  soit  utilisable  non  seu- 
iement  en  temps  de  service  actif  de  I'armAe.  en  cas  de  dan¬ 
ger  du  a  des  faits  de  guerre,  mais  aussi  temporairement  en 
temps  de  paix.  lorsque  la  population  habitant  en  aval  de  lacs 
d'accumulation  est  nuinitestement  mise  en  pAril. 

La  rAgion  irtondAe  en  cas  de  destruction  totale  du  barrage 
est  divisAe  en  une  xone  rapprochAe  et  une  zone  AioignAe. 
La  zone  rapprochAe  comprend  la  rAgion  inondAe  dans  un 
dAlai  de  deux  heures  au  plus,  tandis  que  la  zone  AioignAe 


///.  Special  Provisions  for  Public  Safety 
Article  19 

Special  safety  provisions  have  to  consider  the  expected 
damage  caused  by  the  destruction  of  a  structure  as  well  as 
the  necessary  extra  expenditure  for  increased  safety. 

Article  20 

The  different  elements  of  a  plant  have  to  be  designed  and 
built  in  such  a  way  as  to  satisfy  the  normal  operational  re¬ 
quirements.  Furthermore,  they  have  to  grant  maximum 
safety  to  the  downstream  area  also  in  case  of  destruction 
due  to  acts  of  war  or  the  like. 

In  the  case  of  dams,  it  has  to  be  examirred  individually 
whether  this  safety  can  be  achieved  by  constructional  pro- 
visions,  by  a  rapid  emptying  of  the  reservoir  or  a  combi¬ 
nation  of  both  methods. 

Article  21 

The  discharging  facilities  have  to  be  desigrted  for  a  rapid 
emptying  or  drawdown  of  the  reservoir  taking  into  account 
the  capacity  of  the  downstream  river^ted. 

To  prevent  destructions  in  case  of  war,  the  Federal  Military 
Department  makes  the  necessary  preparations  for  a  pre¬ 
cautionary  drawdown  of  reservoirs.  The  drawdown  may  be 
achieved  by  turbination  of  the  stored  water  in  certain  plants 
and  the  simultaneous  shut-down  of  others  by  the  use  of  the 
discharge  facilities  or  finally  by  a  combination  of  both  pos¬ 
sibilities. 

The  responsibilities  for  giving  such  orders  in  case  of  war  are 
ruled  by  Article  3bis.  clause  5  of  the  Federal  Law  of  Jurte  22. 
1877  concerning  the  Supervision  of  Hydraulic  Structures  in 
High  Mountain  Areas. 

Article  22 

Elements  of  the  plant  the  destruction  of  which  particulafly 
erKtanger  the  downstream  area  <e.g.  control  devices  on 
bottom  outlets,  valves  at  the  upper  end  of  penstocks)  are  to 
be  located,  if  ever  possible,  underground  artd  bomb-proof. 

Article  22bis 

The  Federal  Military  Department  may  specify  additional 
safety  measures  such  as  rope  barriers,  nets,  camouflage.  If 
dams  are  specially  protected  by  permanent  anti-aircraft  or 
guard  troops,  the  owner  has  to  provide  the  rtecessary  and 
appropriate  accommodation. 

Article  23 

In  all  cases  mentioned  in  Article  3.  clause  3,  a  water  alarm 
system  is  to  be  installed,  which  can  be  used  not  only  in  case 
of  impending  or  actual  war.  but  temporarily  also  in  peace¬ 
times,  if  a  danger  to  the  downstream  area  of  a  dam  is  recog¬ 
nizable. 

The  whole  area  flooded  in  case  of  the  total  collapse  of  a  dam 
is  divided  into  two  zones.  The  dose  zone  consists  of  the 
area  flooded  within  two  hours  at  the  most  the  distant  zorte 
of  the  rest  of  the  flooded  area.  In  the  dose  zone,  the  alarm  is 
raised  by  the  Military  Warning  Service  through  special  alarm 
fadlities.  In  the  distant  zone,  alarm  is  given  through  appro¬ 
priate  means  of  the  Army  attO  transmitted  to  the  population 
by  the  means  of  the  Civil  Protedion  Organization. 

The  owner  has  to  provide  for  the  Military  Warning  Service 
the  rtecessary  fadlities  such  as  Mast-protected  alarm  cen¬ 
ters  and  observation  posts  as  well  as  furnished  accommo¬ 
dation  situated  nearby.  In  the  dose  zone  the  owner  has  to 
install  automatic  alarm  devices  tvorking  indepertdently  from 
the  electric  supply  rtet  artd  complying  with  the  directions  of 
the  Federal  Military  Department  and  the  Federal  Post, 
Telephone  and  Telegraph  Service. 
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s'etend  sur  le  resie  du  terriioire  touche  par  I'inondation. 
Dans  la  zone  rapprochee.  I'alarme  esi  donnee  a  I'aide  d'ap- 
pareils  d'alarme-eau  speciaux  par  le  service  d'alene  de  I'ar- 
tnee  mobilise  a  cet  eOet.  Cans  la  zone  eloignee,  I'alarme  esi 
d^lenchee  a  I'aide  des  dispositits  appropries  de  rarmeeei 
Iransmise  ^  la  population  par  les  moyens  de  la  protection 
civile. 

Le  propri^taire  de  I'ouvrage  fera  construire  les  installations 
nteessaires  telles  que  centrales  d'alarme-eau  et  postes 
d'observation  capables  de  raster  i  la  pression  d'une  ex¬ 
plosion  ainsi  que  le  logement  du  d^tachement  d'alarme- 
eau,  installe  i  proximite.  Dans  la  zone  rapprochee.  il  devra 
installer  des  appareils  d'alarme  automatiques  et  indepen¬ 
dents  du  reseau  eiectrique,  conformes  aux  reglements  du 
oepartement  militaire  federal  et  de  I'Entreprise  des  postes. 
telephones  et  teiegraphes. 

Les  centrales  d'alarme-eau  sont  reliees  aux  installations  de 
transmission  de  renseignements  et  d'ordres,  etablies  en 
vertu  de  i'artiete  18. 

Les  amenagements  et  les  installations  d'alarme-eau  exis- 
tants  qui  ne  repondent  pas  aux  exigences  posees  par  le  3e 
alinea,  seront  adaptes. 

Darts  les  zones  d'inondation  communes  a  plusieurs  lacs 
d 'accumulation,  les  installations  d'alarme-eau  seront  eta¬ 
blies  de  fagon  a  eire  utilisables  pour  chacun  de  ces  lacs.  Les 
propri4taires  des  ouvrages  en  cause  se  repartiront  ^uita- 
blement  les  frais  de  construction  et  d'entretien  corresport- 
dant  a  ces  zones.  Si  aucun  accord  ne  peut  Hre  conctu,  le 
ditf^rend  sera  tranche  par  I'autorit^  de  haute  surveillance. 
Les  offices  fM4raux  et  cantortaux  de  la  protection  civile  se 
prdpareront  d  accomplir  ^galement  en  temps  de  paix  toutes 
les  taches  dont  its  seront  charges  en  periods  de  service  ac- 
tif ,  en  tenant  compte  des  probldmes  spdciaux  pos6s  par  les 
dangers  que  pr^ntent  les  lacs  d'accumulation.  II  s'agit  en 
particulier  de  la  diffusion  de  I'alarme  dans  les  zones  Hoi- 
gndes  et  des  instructions  i  donner  i  la  population  quant  ji  la 
maniere  de  se  comporter. 

Le  propri^taire  de  I'ouvrage  doit  entretenir  ou  faire  entre- 
tenir  les  installations  d'alarme-eau  selon  les  r^les  de  I'art 
Elies  seront  mises  a  disposition  de  la  troupe,  en  bon  4tat  de 
marche.  pour  les  cours  d'instruction  periodiques  et  en  cas 
de  danger.  Le  contrdle  annuel  de  ces  installations  ainsi  que 
les  essais  d'alarme  seront  ordonn4s  par  le  04partement 
militaire  federal,  apres  entente  avec  le  proprietaire  de 
I'ouvrage. 

Les  frais  occasionnes  par  la  mise  a  disposition  ainsi  que 
I'utiiisation  des  lignes  t4lephoniques  des  PTT  sont  a  la 
charge  du  propri4taire  de  I'ouvrage,  conform4ment  aux 
conditions  d'abonnement  en  vigueur.  11  n'est  pas  pergu  de 
droits  regaliens.  Le  service  d'alerte  de  rarm4e,  hommes,  lo- 
caux  et  materiel,  sera  mis  en  service  gratuitement  en  cas 
d'utilisation  temporaire  en  temps  de  paix.  Les  depenses 
correspondant  aux  taches  assignees  a  la  protection  civile 
selon  le  7e  alinea  sont  a  la  charge  de  celle-ci. 

Art.  23bis 

Les  proprietaires  et  possesseurs  de  biens-fonds  et  de  ba- 
timents  SK>nt  tenus  d'autoriser  la  pose  et  I'utiiisation  d'ins- 
tallations  et  d'equipements  pour  I'aiarme-eau  dans  la  zone 
rapprochee  et  de  permettre  aux  organes  de  contrdle  d'y  ac- 
ceder.  Ces  obligations  s'appliquent  aussi  aux  termiers.  io- 
cataires  et  autres  occupants  des  immeubles. 

Si  des  ddgats  sont  causes  par  les  travaux  d'amdnagement 
ou  par  les  mesures  de  contrdle  ou  si  I'utiiisation  des  locaux 
necessaires  est  entravde  de  tagon  excessive,  les  Idses  ont 
droit  4  un  dddommagement  dquitable. 

Le  propridtaire  de  I'ouvrage  possdde  le  droit  d'expropria- 


Water  alarm  centers  have  to  be  connected  vnth  the  com¬ 
munication  link  stipulated  in  Article  18. 

Existing  alarm  facilities  not  complyirtg  with  the  require¬ 
ments  according  to  clause  3  hereof  have  to  be  modified. 

In  areas  belonging  to  flood  zones  of  different  dams,  the  joint 
use  of  the  alarm  devices  has  to  be  provided.  The  cost  for  the 
installation  and  the  maintenance  are  adequately  distributed 
among  the  various  owners.  In  the  case  of  disagreemenL  the 
Supervising  Authority  takes  the  decision. 

The  offices  for  Civil  Protection  of  the  Confederation  and  the 
States  take  all  precautions  to  fulfill  their  wartime  duties 
already  in  peacetime.  They  prepare  the  alarm  in  the  distant 
zones  and  instruct  the  population  on  the  appropriate  be¬ 
haviour. 

Water  alarm  facilities  are  to  be  professionally  maintained 
and  kept  in  working  condition  by  the  owner.  They  may  be 
used  by  the  Military  Warning  Service  for  training  purposes. 
The  yearly  control  of  the  water  alarm  system  and  its  tests  are 
arranged  by  the  federal  Military  Department  in  agreement 
with  the  owners. 

The  cost  lor  the  preparation  and  use  of  telephorte  lines  has 
to  be  carried  by  the  owner.  No  state  monopoly  tax  is  levied. 
The  Military  Warning  Service,  personel.  accommodation 
and  material  are  available  in  peacetime  and  temporarily  free 
of  charge.  The  cost  of  clause  7  hereof  is  covered  by  the  Civil 
Protection  Organization. 

Article  23bis 

Owners,  tenants  and  residents  of  buildings  and  real  estate 
in  the  close  zone  are  obliged  to  enable  the  installation  artd 
the  use  of  water  alarm  devices  and  to  grant  access  to  these 
devices  to  all  control  persottnel. 

Damage  caused  by  the  installation  and  the  coittrols  and 
unimputable  impairment  of  the  use  ot  such  premises  consti¬ 
tute  a  claim  for  indemnification. 

The  owner  has  the  power  ot  expropriation  as  tar  as  neces¬ 
sary  for  the  installatkxi  and  nuintenance  of  water  alarm  de¬ 
vices.  The  practise  of  this  power  is  governed  by  the  regu¬ 
lations  of  the  Federal  Law  of  June  20. 1930  regarding  Ex¬ 
propriation. 

The  same  principies  apply  for  the  installation  and  use  of 
telephones  or  other  devices  for  the  electric  or  radio-electric 
transmission  of  signals  and  messages,  serving  the  alarm 
system  or  the  transmission  of  water  alarms  in  the  close 
zone. 
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lion,  dans  la  mMur*  ou  calut-ci  est  nAccssair*  pour  la  cons¬ 
truction  et  ranireiian  das  ouvragas  at  das  instalialiorrs. 
L'axarcica  da  ca  droit  sa  r^la  sur  las  dispostiions  da  la  lo< 
Mddrala  du  20  join  1930  sur  I'axpropriaiion. 

Las  nidmas  rdglas  sont  applicablas  ^r  la  pose  et  I'utilisa- 
tion  da  maMrial  tMphonique  ou  autres  ^uipamants  da 
transmission  diactrique  ou  radiodlectrique  da  signas  ou  da 
sons,  utilisds  dans  las  installations  d'alarme-aau  ou  las  liai¬ 
sons  dtabtias  pour  donner  I'alarme  dans  la  zorta  rappro- 
chde. 

Af/se  en  exploitation 
Art  24 

On  ne  procduera  d  la  mise  en  eau  du  bassin  qu'au  moment 
ou  I'dtat  d'avancement  das  travaux  la  permetira  sans  mettra 
en  danger  das  intdrdts  publics.  Las  disposilits  da  farmature 
et  da  sdcuritd  seront  prealablement  contrdlas  quant  a  leur 
bon  (onctionnem^t  et  devront  dtre  maintanus  en  dtat  de 
marche. 

Le  programme  de  la  premiere  mise  en  eau  sera  remis  en 
temps  utile  aux  autoritds  de  surveillance. 

Art.  25 

Avant  la  ddbut  de  la  pramidre  mise  en  eau,  le  programme 
des  mesures  a  faire  conlormdmant  d  I'artide  12  ainsi  que  la 
trdquence  das  rappons  y  ralatifs  devront  dtre  fixds  avec 
I’accord  de  Cautoritd  de  haute  surveillance. 

Art  26 

Aprds  rachdvamant  das  travaux.  las  autoritds  de  survdllan- 
ce  vdrifieront  si  la  barrage  a  dtd  construH  contormdment  aux 
plans  approuvds  par  las  autoritds  at  salon  leursinstructiiMts. 
Ce  contrOle  sera  consignd  dans  un  procds-verbal  qui  men- 
tkmnara  rdtat  du  barrage,  las  rdsultats  essentiels  des  ob¬ 
servations  taites  conformdmant  d  I'artide  25.  ainsi  que  las 
constatations  faitas  au  suiat  du  fonctionnement  das  diver- 
ses  partias  de  I'ouvrage. 

V.  Exploitation  et  entretien 

Art.  27 

Le  propridtaire  da  I'ouvrage  d'accumulation  en  organisara 
raxplodation  de  fagon  d  an  assurer  I'utilisation  et  la  surveil¬ 
lance  d'une  manidre  satistaisante. 

L'dtat  de  marche  des  vannes  des  vidanges  et  des  dvacua- 
teurs  de  cruas  doit  dtre  contrOld  au  moyer.  tj'essais  de  tonc- 
tionnement  exdcutds  d  intervalles  convenables.  en  gdndrat 
une  fois  par  an.  L'autoritd  de  haute  surveillance  en  sera 
prdalablement  informde. 

Art.  28 

Toutes  les  observations  et  mensurations  ndcessaires  pour 
verifier  le  comporlement  du  barrage  seront  exdcutdes  rd- 
gulidrement  puis  interprdtdes  sans  ddlai. 

Les  ouvrages  de  retenue  devront  dtre  contrdlds  chaque  an- 
nde  par  des  ingdnieurs  civils  expdrimentds.  Les  propridtai- 
res  d'ouvrage  qui  n'en  ont  pas  dans  lour  personttel  teront 
contrdler  leurs  installations  par  des  ingdnieurs  vanant  du 
dehors. 

Le  propridtaire  de  I'ouvrage  davra  an  outre  faire  contr&ler 
celui-ci  pdriodiquamant  par  das  spdcialistes  an  construc¬ 
tion  de  barrages  reconnus  (ingdnieurs.  gdoiogues).  Ces 
contrdles  portaront  aussi  bien  sur  la  barrage  propremant  dit 
qua  sur  las  environs  du  bassin  de  retenue.  A  moins  que  des 
raisons  particulidras  n'imposant  des  contrdlas  plus  frd- 
quants,  caux-ci  auront  Uau  au  moins  tous  las  cinq  arts. 
Les  rdsultats  de  oes  contrdlas  saront  consignds  dans  das 


tv.  Initial  Operation 
Article  24 

The  filtmg  of  the  reservoir  may  only  start  when  the  state  of 
the  construction  work  permits  it  without  dartgar  to  public 
interests.  The  closing  and  safety  devices  have  to  be  tasted 
beforehand  with  respect  to  their  operational  ability  and  have 
to  be  kept  operative  at  all  times. 

The  intertdad  program  for  the  first  filling  of  the  reservoir  has 
to  be  submitted  to  the  Supervising  Authorities  in  due  tme. 

Article  25 

Before  the  first  filling  of  the  reservoir,  the  program  and  the 
reports  for  all  measurements  according  to  Article  12  have 
to  be  determined  in  agraament  with  the  Supervising 
Authorities. 

Article  26 

After  completion,  the  dam  is  checked  whether  it  is  built  in 
accordance  with  the  approved  design  and  with  the  instruc¬ 
tions  of  the  Supervising  Authorities. 

The  result  of  this  inspection  is  recorded.  The  structural  con¬ 
dition  of  the  dam.  the  essential  results  of  the  observations 
performed  according  to  Article  25  and  the  operating  ^ity 
have  to  be  checked. 

V.  Operation  and  Maintenance 

Article  27 

The  owner  has  to  organize  his  operations  in  such  a  way  that 
a  raliabla  control  of  the  dam  is  guaranteed. 

The  outlets  and  the  moving  parts  of  the  spillway  have  to  be 
tested  tor  operational  readiness  by  performance  tests  wHhin 
appropriate  pertods.  as  a  rule  once  a  year.  The  Supervising 
Authority  has  to  be  informed  in  advance  of  such  tans. 

Article  28 

Ail  observations  and  measurements  necessary  tor  the 
monitoring  of  the  behaviour  of  the  dam  have  to  be  rsgulary 
taken  and  immediately  evaluated. 

Dams  have  to  be  checked  once  a  year  by  experienced  civil 
engineers.  Owners  who  have  no  such  personnel  have  to 
charge  engineers  from  outside  their  organization  with  these 
inspections. 

Furthermore,  the  owner  is  obliged  to  have  periodical  checks 
of  the  dam  made  by  recognized  experts  in  dam  construction 
(engineers,  geologists).  These  mspections  have  to  cover 
the  dam  Kseif  as  wail  as  the  surroundings  of  the  reservoir. 
They  have  to  be  undertaken  at  least  every  five  years,  provid¬ 
ed  that  rw  special  reasons  call  tor  shorter  periods. 

The  results  of  all  inspections  have  to  be  recorded  in  reports. 
These  reports  have  to  be  submitted  to  the  Supervising 
Authority. 

If  monitoring  or  inspections  call  for  remedial  actions,  they 
have  to  be  taken  immediately  and  the  Supervising  Authority 
notified  thereof. 
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rapports  et  portcs  a  la  connaissance  de  I'autorite  de  haute 
surveillance 

Les  mesures  qui  se  reveleront  necessaires  a  la  suite  des  ob¬ 
servations  el  des  conirdles  efiectu^  seront  appliquees  im- 
mediaiement;  I'autorite  de  haute  surveillance  en  sera  inlor- 
m^e. 

Art.  29 

En  cas  d'^v^nements  extraordinaires.  lets  que  compone- 
ment  anormal  du  barrage,  s^ismes,  glissements  de  terrain, 
dboulements.  avalanches  et  autres,  qui  menaceraient  la  s^ 
curit^  du  barrage  ou  teraient  craindre  des  crues  exception- 
rtelles,  la  direction  de  I'usine  prendra  sans  delai  les  mesures 
propres  d  ^carter  le  p4ril  qui  menace  rinstallation  de  rete- 
nue.  Le  cas  tehrant,  elle  abaissera  pr^enthrement  te  ni¬ 
veau  du  lac  d'accumulation,  compte  tenu  de  la  capacite 
d'4coulement  du  cours  d'eau.  Elle  se  fera  conseiiler  par  des 
sp^cialistes.  Les  organes  de  surveillance  du  canton  et  de  la 
Confederation  seront  renseign^s  par  la  voie  la  plus  rapide. 
Les  autoritte  cantonales  mobilisent  les  organismes  de  pro¬ 
tection  civile  pour  I'execution  des  mesures  necessaires  se- 
lon  radicle  23,  7e  alinea. 

Sur  demande  des  autorit^s  cantonales.  la  Subdivision  du 
service  territorial  mobilisera  son  service  d'alede  et  fera  pro- 
ceder  ^  la  mise  en  service  des  installations  d‘alarme-eau,  y 
compris  le  r^seau  de  transmission. 

La  direction  de  I'usine  aledera  par  la  voie  la  plus  rapide  le 
poste  d'alarme  d^gn^  par  le  canton.  Ce  dernier  aledera  a 
son  tour  les  autorit4s  locales,  les  chefs  locaux  et  les  com¬ 
mandants  des  sapeurs-pompiers  de  guerre  mMpendants, 
les  entreprises  indusirielles  et  de  transpod.  les  uanes  6lec- 
triques,  les  Aablissenmts  militaires  et  les  services  et  com- 
mandements  militaires  qui  se  trouvent  dans  les  regions  me¬ 
naces. 

L'alarme-eau  sera  d4clench«e  par  le  Service  d'alede  de 
I'armte,  sous  la  responsabilitd  du  propridtaire  du  lac  d'ac¬ 
cumulation,  qui  en  donnera  I'ordre. 

Si  les  drconstances  le  permettent  ces  mesures  seront  or- 
donn^  avec  I'accord  de  I'autorite  federate  de  haute  sur¬ 
veillance.  S'il  y  a  lieu,  le  Conseil  federal  pourra  imposer  au 
canton  et  d  la  direction  de  I'usine  I'execution  des  mesures 
necessaires. 

Ad.  30 

Le  proprietaire  de  I'ouvrage  est  tenu  de  constituer  un  dos¬ 
sier  concemant  le  barrage  et  de  le  tenir  constamment  A  four 
(journal  du  barrage). 

Le  dossier,  dont  les  pieces  seront  dassees  avec  ordre. 
devra  notamment  contenir 

a.  Les  documents  concemant  le  projet.  parmi  lesquels  les 
plans  definitifs  prindpaux  et  les  donn^es  justificatives 
sur  la  stabilite  et  les  sollidtations  du  barrage; 

b.  Les  r^sultats  des  essais  des  matdriaux  utilises  dans  la 
construction  et  des  autres  recherches  op^tes; 

c.  Des  donnees  sur  I'exteution  des  travaux; 

d.  Les  proces-verbaux  de  reception  des  ouvrages  selon 
article  26; 

e.  Les  rdsultats  des  recherches  faitesulterieuremenLainsi 
que  toutes  les  donnees  sur  I'entretien  et  la  surveillance 
avec  les  rdsultats  de  toutes  les  mensurations  faites; 

f.  Des  donn^  concemant  les  travaux  compimnentaires 
ou  les  transformations  apportdes, 

g.  Les  rapports  sur  les  contrAlesetfedufe  par  des  sp^a- 
listes; 

h.  Le  schema  de  I'organisation  d'alarme-eau  indiquant  le 
genre  et  I'emplaoement  des  liaisons  et  des  appareils 
d'alarme  spddeux  qui  ont  dt6  installs; 


Article  29 

In  case  of  extraordinary  events  such  as  unusual  behaviour 
of  the  dam.  earthquakes,  landslides,  rockfalls.  avalanches, 
etc.  which  could  affect  the  safety  of  the  dam  or  induce  an 
extraordinary  flood,  the  plant  marMgement  has  to  take  im¬ 
mediately  all  appropriate  meUons  to  avert  an  impendmg 
threat  to  the  dam.  Possibly,  the  precautionary  drawdown  of 
the  reservoir  within  the  capacity  of  the  downstream  river¬ 
bed  has  to  be  started.  The  management  appoints  qualified 
professional  ertgineers  as  consultants.  The  Supervising 
Authorities  of  the  State  and  the  Confederation  have  to  be  in¬ 
formed  as  quickly  as  possible. 

The  State  Authorities  call  up  the  Civil  Protection  Organi¬ 
zation  to  carry  out  the  rtecessary  actions  according  to 
Article  23.  clause  7. 

On  request  of  the  State,  the  Army  mobilizes  her  Military 
Warning  Services,  who  activate  the  water  alarm  system  and 
its  pertinent  communication  net. 

The  plant  management  warns  the  Alarm  Organization  des- 
igr>ated  by  the  State  as  quickly  as  possible.  This  Alarm  Or¬ 
ganization  alerts  the  Local  Councils  of  the  endangered 
areas,  the  local  commanders  and  commanding  officers  of 
Independent  Military  Fire  Brigades,  industrial  and  transport 
companies,  power  stations,  as  well  as  military  works,  ser¬ 
vices  aitd  headquarters. 

The  water  alarm  is  released  by  the  Military  Warning  Service 
by  arrangement  with  attd  at  the  responsibility  of  the  owner. 
Circumstances  permitting,  these  precautions  are  taken  in 
agreement  with  the  Federal  Supervising  Authorities.  If  nec¬ 
essary.  the  Federal  Council  may  request  the  Stale  and  the 
plant  management  to  act  accordirtgly. 

Article  30 

The  owner  takes  care  that  all  documents  concemirtg  the 
dam  are  filed  aruS  permanently  up-dated  (Records  of  the 
Dam). 

The  records  have  to  include,  dearly  filed,  in  particuiar 

a)  the  design  with  the  essential  as-built  drawings  and  the 
necessary  analyses  of  stability  and  stresses  of  the  dam; 

b)  the  results  of  the  tests  on  construction  materials  and  of 
other  investigatiorts; 

c)  information  on  the  execution  of  the  construction  work; 

d)  the  records  of  the  final  inspection  of  construction 
according  to  Article  26; 

e)  the  results  of  the  subsequent  investigatiorts  and  all  irt- 
formation  on  maintenance  and  monitorirtg  with  all  re¬ 
sults; 

f)  information  on  additional  constructions  and  recort- 
structions; 

g)  all  reports  on  inspections  performed  by  experts; 

h)  scheme  of  the  water  alarm  organization,  showirtg  type  of 
communication,  installed  alarm  devices  and  their  exact 
position; 

i)  a  list  of  responsible  Federal  and  State  Authorities  to  be 
informed  or  alerted  by  the  0¥vner  in  case  of  an 
extraordinary  event. 

The  documents  have  to  be  presented  to  the  Supervising 
Authorities  of  the  Confederation  artd  the  State  on  demand 
and  at  any  time. 


i.  La  lisw  dw  orgcnas  compdMnts  sur  le  plan  tMdral  el 
.  cantonal  qui  doivent  dire  avertis  ou  alarmte  par  le  pro- 
prldtaire  de  t'ouvrage  en  cas  d'dvenemeni  extraordi¬ 
naire. 

Cespidces  doivent  dire  prdsenidesaux  autoriidsde  surveil¬ 
lance  de  la  Confdddraiion  et  du  canton  d  chaque  rdquisi- 
tion. 

Vt.  Dispositions  transitoires,  dispositions  concemant 
la  protection  juridiQue  et  dispositions  finales 

Art.  31 

L'autoritd  de  haute  surveillance  ddcide  dans  chaque  cas,  de 
concert  avec  les  ddpartements  in  tdressds  el  aprds  avoir  en- 
tendu  le  propridtaire  de  I'ouvrage,  dans  quelle  mesure  les 
dispositions  du  present  rdglement  sont  applicables  aux  ou- 
vrages  existants. 

Art.  32 

Coniormdment  aux  dispositions  gdndrales  sur  la  justice  ad¬ 
ministrative  federate,  le  recours  est  ouvert  jusqu'au  Conseil 
fdddral  contre  les  ddcisions  prises  par  les  ddpartements 
compdtents. 

Art.  33 

Le  present  rdglement  entre  immddiatement  en  vigueur. 


8.2  Revision  du  reglement 
concemant  ies  barrages 

Une  rdvision  du  reglement  concemant  les  barrages  est  prd- 
sentement  en  cours.  Elle  a  principalement  pour  objet  de  rd- 
duire  d  quelques  heures  le  temps  de  mise  en  fonction  du 
systdme  alarme-eau  en  temps  de  paix,  qui  est  aujourd'hui 
de48heuresau  maximum.  Son  entrdeen  vigueur  est  prdvue 
pour  198S.  Seuls  les  articles  23  et  29  ont  dtd  modifids  et  Us 
auront  la  teneur  suivante: 

Article  23  (projet) 

1  Dans  les  cas  fixds  a  I'artide  3,  3e  alinda,  un  systdme 
d'alarme-eau  sera  installd  de  fagon  qu'il  soil  utilisaMe  d  tout 
moment  lorsque  la  population  habitant  en  aval  de  lacs  d’ac- 
cumulation  est  manifestement  mise  en  pdril. 

2  La  rdgion  inondde  en  cas  de  destruction  totale  du  bar¬ 
rage  est  divisde  en  une  zone  rapprochde  et  une  zone  dloi- 
gnde.  La  premidre  comprend  la  zone  inondde  en  in  ddiai  de 
deux  heures  au  plus,  tandis  que  la  seoonde  s'dtend  au  reste 
du  territoire  touchd. 

On  peut  renoncer  a  ddfinir  une  zone  rapprochde  si  la  rdgion 
inondde  est  petite  et  si  le  systdme  d'alarme  prdvu  pour  la 
zone  dioignde  est  juge  suffisant. 

3  Dans  la  zone  rapprochde,  I'alarme  est  donnde  d  I'aide  des 
sirenes  alarme-eau:  dans  la  zone  dioignde,  elle  a  lieu  par  le 
ddclenchement  de  I'alarme  gdndrale  et  ta  diffusion,  d  la  re- 
dio,  d'instructions  sur  le  comportement  d  suivre.  L'ordon- 
nance  sur  la  protection  civile  fixe  les  signaux  d’alarme  et  en 
cas  de  ndcessitd.  I'emploi  de  signaux  de  remplacement. 
Lorsque  le  rdgiment  d'alerte'  entre  en  service,  les  prescrip¬ 
tions  de  I'ordonnance  concemant  I'organisation  territoriaie 
et  le  service  territorial  sont  en  outre  applicables. 

Quand  une  panne  technique  atfecte  les  moyens  de  trans¬ 
mission  ou  le  systdme  d'alarme.  on  a  recours  d  des  moyens 
de  remplaosment  En  particulier,  s’il  s'agit  d'une  panne  des 

■auesfaic:  mntea  d'aMrM  «•  ranriM 


IV.  Transitory  Prov^ions,  Provisions  tor  Juridie^ 
Protection.  Final  Provisions 

Artide  31 

The  Supervising  Authority  determines  in  agreement  with  the 

interested  Oepartments  and  alter  hearing  the  owner  as  to 
what  extent  the  articies  of  this  decree  are  valid  lor  existing 
plants. 

Article  32 

Against  decisiorts  of  the  competent  Departments,  that  are 
based  on  this  decree,  a  complaint  can  be  lodged  with  the 
Federal  Council  according  to  the  General  Provisions  of  the 
Federal  Jurisdiction. 

Article  33 

This  decree  becomes  effective  at  once. 


8.2  Revision 

of  the  Dam  Regulation 

A  revision  of  the  dam  regulation  is  now  in  process.  Its  aim  is 
to  modify  the  water  alarm  system  in  order  to  reduce  the  wa¬ 
ter  alarm  delay  in  peacetiiite  from  48  hours  (nuudmal  time  at 
present)  to  a  few  hours.  The  revision  wHI  presumably  come 
into  force  in  1985.  The  articles  23  and  29  will  be  changed 
and  read  as  follows: 

Micle  23  (draft) 

1  In  all  cases  mentioned  in  Articie  3.  clause  3.  a  water  alarm 
system  is  to  be  installed,  which  can  be  used  at  any  time 
when  a  danger  to  the  downstream  area  of  a  dam  is 
recognizable. 

2  The  whole  area  flooded  in  case  of  the  total  collapse  of  a 
dam  is  divided  into  two  zones.  The  dose  zone  consisis  of 
the  area  flooded  within  two  hours  at  the  mosL  the  ilistant 
zone  of  the  rest  of  the  flooded  area.  The  definition  of  a  dose 
zorte  is  not  necessary,  if  the  flooded  area  is  sntall  and  a  dis¬ 
tant  zone  alarm  system  is  sufficient. 

3  In  the  dose  zone,  the  alarm  is  raised  through  water  alarm 
sirens.  In  the  disunt  zone,  alarm  is  given  through  release  of 
the  general  alarm  and  anrKxmcement  of  behaviour  instruc¬ 
tions  by  radio.  The  alarm  signals  to  be  used  are  specified  in 
the  regulations  regarding  Civil  Protection.  If  necessary, 
alternative  alarm  signals  may  be  used.  If  the  Warning  Regi¬ 
ment*  is  on  duty,  the  regulations  of  the  Decree  Concerning 
Territorial  Services  are  also  valid.  For  the  case  of  technical 
breakdowns  in  the  communication  and  alarm  system 
alternative  systems  have  to  be  prepared  by  taking  advan¬ 
tage  of  the  available  means.  In  particular.  H  the  water  alarm 
sirens  tail  in  the  dose  zone,  alarm  shall  be  raised  as  in  the 
distant  zone. 

4  The  following  degrees  of  preparedness  are  valid  tor  the 
water  alarm  -^vstem: 

*  lonMrtr  /anwig  Swwm 
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sirenes  de  I'alaroie-eau.  I'alarme  est  donoM  de  la  meme 
maniere  que  dans  la  zone  eioignde. 

4  Le  systeme  d'alarme-eau  comprend  les  degr^  de  pre¬ 
paration  suivants: 

a.  Degr^  de  pr^aration  1:  liaison  interrompue  entre  la 
Centrale  d'alarme-eau  el  les  sir^es  de  cetie  alarme,  si¬ 
renes  alarme-eau  verrouillMs.  aucun  personnel  d'alar- 
me  en  service: 

b.  Degri  de  preparation  2:  liaison  entre  la  Centrale  d'alar¬ 
me-eau  et  les  sirenes  de  cette  alarme  prete  i  fortction- 
ner,  sirenes  alarme-eau  verrouillees.  aucun  personnel 
d'atarme  en  service; 

c.  Oegre  de  preparation  3;  systeme  d'alarmeeau  pret  a 
tonctionner,  aucun  personnel  d'alarme  en  service; 

d.  Oegre  de  preparation  4:  systeme  d'alarme-eau  pr6t  a 
tonctionner,  personnel  d'alarme  en  service. 

Le  deverrouillage  des  sirenes  alarme-eau  par  le  proprietaire 
de  I'ouvrages'ettectue  sur  I'ordre  des  organes  comp^tents 
cites  a  I'alinea  5.  Le  proprietaire  demande  le  raccordement 
aux  PTT  si  necessaire. 

En  regie  generate,  le  degre  de  preparation  2  est  vatable  pour 
le  cas  strategigue  normal  (temps  de  paix),  et  le  degre  de 
preparation  4  dans  tous  les  autres  cas  strat^iques. 

5  Sont  competents  pour  changer  de  degre  de  preparation; 

a.  Les  aiftorites  cantonales  et  rOffice  fM4ral  de  I'^cono- 
mie  des  eaux  si  le  danger  rteulte  d'un  ^4nement  naturel 
ou  est  d'orgine  technique;  dans  te  cas  strat^ique  nor¬ 
mal  (temps  de  paix),  tous  deux  peuvent  demander  d  ia 
Division  du  service  territorial  rengagement  de  forma¬ 
tions  du  regiment  d'alerte; 

b.  Le  commandement  de  I'arntee  si  te  danger  est  du  i  des 
faits  de  guerre. 

Les  organes  ci-dessus  s'informent  mutueltement,  sans  re¬ 
tard,  des  ordres  visant  a  modifier  des  degr^s  de  preparation. 

6  Sont  k  la  charge  des  cantons; 

a.  la  planification,  la  preparation  et  I'execution  des  mesu- 
res  destinees  k  assurer  la  reception  des  ordres  d'alarme 
et  la  diffusion  de  I'alarme  generate  dans  les  zones  me- 
nacees; 

b.  la  planification  et  la  preparation  visant  I'evacuation  de  la 
population,  y  compris  I'information  prealable  de  celte-ci; 

c.  la  formation  du  personnel  requis  pour  executer  les  ta- 
ches  decrites  sous  a  et  b; 

d.  la  preparation  de  I'information  destinee  k  la  population 
et  aux  entreprises  de  transports,  quant  a  la  situation  et 
au  comportement  a  suivre. 

Les  cantons  doivent  disposer  d'une  ptr  manence  et  d'un 
service  d'alarme  prets  en  perman'^  - 

7  Le  proprietaire  doit  construire  a  ses  frais  les  installations 
necessaires  tels  que 

a.  les  centrales  alarme-eau  et  les  postes  d'observations 
capables  de  resister  a  I'onde  de  choc  d’une  explosion; 

b.  les  logements  du  detachement  d'alarme-eau,  installes  k 
proximite; 

c.  dans  la  zone  rapprochee.  des  sirenes  d'alarme  auto- 
matiques  et  indeperulantes  du  reseau  eiectrique; 

d.  la  liaison  tetephonique  et  la  liaison  par  radio  depuis  le 
barrage,  pour  pouvoir  atteindre  les  ai  i.}rites  cantonales; 
en  temps  de  paix,  la  liaison  radio  ne  doit  etre  garantte 
que  durant  le  degre  de  preparation  4. 

Les  appareils  d'alarme  doivent  etre  conformes  aux  regle- 
ments  du  Oepartement  militaire  federal  et  des  PTT.  Les  cen¬ 
trales  d'alarme-eau  sont  reliees  aux  installations  de  trans¬ 
mission  de  renseignements  et  d'ordres  etablies  en  applica¬ 
tion  de  I'artide  18. 


a)  degree  ol  preparedness  t;  link  between  water  alarm 
cenire  and  water  alarm  sirens  disconnected;  water 
alarm  sirens  locked,  no  warning  staff  on  duty; 

b)  degree  ol  preparedness  2:  link  between  water  alarm 
centre  and  water  alarm  sirens  in  working  conditten.  wa¬ 
ter  alarm  sirens  locked,  no  warning  staff  on  duty; 

c)  degree  of  preparedrtess  3;  water  alarm  system  in  work¬ 
ing  condition,  no  warning  staff  on  duty; 

d)  degree  of  preparedness  4;  water  alarm  system  in  work¬ 
ing  cortdition,  warning  staff  on  duty. 

The  owner  unlocks  the  water  alarm  sirens  by  order  of  those 
authorized  in  clause  S.  If  rtecessary,  he  asks  the  Federal 
Post.  Telephone  and  Telegraph  Service  to  conrtecl  the 
communication  links.  Ordirtarily,  degree  of  preparedrtess  2 
is  valid  in  the  strategic  base  case  (peacetime),  in  all  other 
strategic  cases,  degree  of  preparedness  4  is  valid. 

5  Authorized  to  change  the  degree  of  preparedrtess  are: 

a)  the  State  Authorities  and  the  Federal  Office  for  Water 
Economy  in  case  of  technical  or  natural  threat;  in  the 
strategic  base  case  (peacetime),  both  of  them  may  ask 
the  Territorial  Service  to  mobilize  the  formations  of  the 
Warning  Regiment; 

b)  the  Army  High  Command  in  case  of  threat  by  acts  of  war. 
The  above-mentioned  authorities  inform  each  other  about 
ordered  changes  in  the  degree  of  preparedness. 

6  The  States  provide  for: 

a)  planning,  preparation  and  implementation  of  the 
measures  guaranteeing  the  reception  of  the  alarm  or¬ 
ders  and  giving  the  general  alarm  in  the  endangered 
area; 

b)  planning  and  preparing  the  evacuation  including  the 
previous  information  of  the  population; 

c)  training  of  the  staff  needed  for  the  implementation  of  the 
measures  mentioned  in  a  and  b; 

d)  preparation  of  the  information  tor  the  population  and  the 
transport  companies  concerned  about  the  threat  and 
their  appropriate  behaviour. 

The  States  have  to  maintain  an  alarm  organization  always 
ready  for  action. 

7  The  owner  has  to  provide  at  his  own  costs  the  rtecessary 
facilittes.  such  as; 

a)  blast-resistant  water  alarm  centres  and  observation 
posts; 

b)  accommodations  tor  a  detachment  of  the  Warning  Regi¬ 
ment  situated  nearby; 

c)  in  the  dose  zone,  automatic  alarm  sirens  working  inde- 
pertdently  from  the  electric  supply  rtet; 

d)  a  telephorte  artd  radio  link  between  the  dam  and  the 
State  Authorities.  The  radio  link  has  to  be  guaranteed  in 
peacetime  tor  degree  ol  preparedness  4  only. 

The  alarm  devices  have  to  comply  with  the  spedfications  of 
the  Federal  Military  Department  and  the  Federal  Post. 
Telephone  and  Telegraph  Service.  Water  alarm  centres 
have  to  be  connected  to  the  communication  link  stipulated 
in  Article  18. 

8  In  areas  belonging  to  flood  zones  of  different  dams,  the 
ioint  use  of  the  alarm  devices  has  to  be  provided.  The  costs 
tor  the  installation  and  the  maintenance  are  adequately  dis¬ 
tributed  among  the  various  owners.  In  the  case  of  disagree¬ 
ment.  the  Supervising  Authority  takes  the  decision. 

9  Water  alarm  fadlities  are  to  be  professionally  maintained 
and  kept  in  working  condition  by  the  owner.  They  may  be 
used  by  the  Warning  Regiment  for  training  purposes.  The 
yearly  contrd  of  the  water  alarm  system  and  its  tests  are  ar¬ 
ranged  by  the  Federal  Military  Department  in  agreement 
with  the  owners. 
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8  Lorsqu'tme  zone  d'inondation  6St  conMiMine  8  phisMMKS 
lacs  d'accumulaiion,  les  installations  d’alanwe  sau  sont 
dtatnies  de  ta^on  8  8tre  utilisablas  pour  chacun  d'euK.  Les 
proprietaires  des  ouvrages  en  cause  se  r8partissent  8qui- 
tablement  les  Irais  de  construction  et  d'entratien.  L’autoriie 
de  haute  surveillance  tranche  les  diffdrends. 

9  Le  propridtaire  de  I'ouvrage  doit  faire  entretenir  les  ins¬ 
tallations  d'alarme-eau  selon  les  regies  de  I'art.  Elies  seront 
mises  8  la  disposition  de  la  troupe,  sarts  trais  et  en  8tal  de 
marche.  pour  les  cours  d'instruction  pdriodiques  et  les  mo¬ 
bilisations.  Le  contrdle  annuel  des  ces  installations  ainsi 
que  les  essais  d'alarme  seront  ordonnds  par  le  Oepartement 
militaire  I8d8ral.  apres  entente  avec  le  propriStaire  de  Tou- 
vrage. 

10  Les  fraisoccasionnds  par  la  mise  8  disposition  ainsi  que 
I’utilisation  des  lignes  tdidphoniques  des  PTT  sont  a  la 
charge  du  propridtaire  de  I'ouvrage,  confornidment  aux 
conditions  d'abonnement  en  vigueur.  II  n'est  pas  perqu  de 
droit  rdgalien.  Les  mobilisations  du  regiment  d'alerte  n'en- 
trainent  aucun  Irais.  Les  cantons  et  les  commurtes  prennent 
a  leur  charge  les  laches  qui  leur  sont  assignees. 

Article  29  (projet) 

1  En  cas  d'dvenement  extraordinaire,  tels  qu'un  compor- 
tement  anormal  du  barrage,  un  s8isme,  un  glissement  de 
terrain,  un  dboulement,  une  avalanche  et  autre  menace 
pour  la  s8curit8  du  barrage,  ou  qui  terait  craindre  une  crue 
exceptionnelle,  le  propridtaire  de  I'ouvrage  doit  prendre 
sans  ddlai  les  mesures  propres  8  dcarter  le  p8rii  pour  la  re- 
tenue.  Le  cas  8ch8ant  il  abaissera  pr8ventivement  le  niveau 
du  lac  d'accumulaiion,  compte  tenu,  lorsque  cela  est  pos¬ 
sible,  de  la  capacity  d'8coulement  du  cours  d'eau.  II  se  fera 
conseiller  par  des  sp8cialistes.  Les  orgartes  de  surveillance 
du  canton  et  de  la  Conf8d8ration  seront  renseignes  par  la 
vote  la  plus  rapide. 

2  Quand  les  circonstanceslepermettenL  les  mesures  sont 
prises  d'un  commun  accord  avec  I'autorite  de  haute  sur¬ 
veillance.  Au  besoin,  cette  demi8re  peut  demander  au  can¬ 
ton  et  au  proprietaire  de  I'ouvrage  de  prendre  les  mesures 
necessaires.  Si  r8v8nement  n'est  plus  maitrisable  avec  cer¬ 
titude.  le  systeme  d'alarme-eau  est  mis  en  8tat  de  tonction- 
ner. 

3  Lorsque  le  degre  de  preparation  4  de  I'alarme-eau  est  de- 
crete,  rOflice  federal  de  reconomie  des  eaux  ordonne  la 
mise  en  etat  d'alerte  de  la  Centrale  nationale  d'alarme.  Les 
autorites  cantonates  convoquent  les  organismes  locaux 
d'alarme  et  renseignent  tant  la  population  des  zones 
d'inondation  que  les  entreprises  de  transports  (notamment 
les  CFF  et  les  PTT)  sur  les  dangers  et  le  comportement  a 
avoir  en  cas  de  declenchement  de  I'alarme.  Us  determinent 
la  region  a  alarmer  et  en  informent  la  Centrale  nationale 
dans  la  mesure  oii  il  ne  taut  pas  alarmer  toute  la  zone  eioi- 
gnee.  Les  communes  veillent  a  ce  que  I'alarme  generate 
puisse  8tre  ditlusee  en  tout  temps  dans  les  zones  mena- 
cees.  Dans  le  cas  strategique  normal  (temps  de  paix).  les 
etablissements,  services  et  commandements  militaires  se¬ 
ront  informes  par  I'^tat-major  du  groupement  de  I'etat-ma- 
|or  general,  dans  tous  les  autres  cas  par  le  commandement 
de  I'armee. 

4  Sonlcomp8tentsetresponsablespourledeclenchemen] 
de  I'alarme; 

a  dans  la  zone  rapproch8e.  le  propri8taire  en  cas  de  dan¬ 
ger  resultant  d'un  8v8nement  natural  ou  d'origine  tech¬ 
nique.  le  regiment  d'alerte  si  le  danger  est  du  8  des  fait  de 
guerre; 


to  The  cost  tor  the  preparaMon  and  use  of  talaphene  lines 
has  to  be  carried  by  the  osmer  aocordmg  to  the  normal  con- 
ditiorts  ol  use.  No  state  mortopoly  tax  is  levied.  Engage¬ 
ments  of  the  Warrting  Regimani  are  at  rto  cost  tor  the  owmer. 
Services  by  Sutes  and  Mutricipalrties  are  at  their  own  costs. 

Article  29  (draft) 

t  In  case  of  extraordinary  events  such  as  unusual  behav¬ 
iour  ol  the  dam.  earthquakes,  landslides,  roctdalls.  ava¬ 
lanches.  etc.  which  could  affect  the  safety  of  the  dam  or  m- 
duce  an  extraordinary  flood,  the  plant  management  has  to 
take  immediately  alt  appropriate  actions  to  avert  an 
impeitding  threat  to  the  dam.  Possibly,  the  precautionary 
dravrdown  of  the  reservoir  has  to  be  started,  if  feasible 
within  the  capacity  of  the  downstream  river-bed.  The  mart- 
agement  appoints  qualified  professional  engineers  as  con¬ 
sultants.  The  Supervising  Authorities  of  the  State  and  the 
Confederation  have  to  be  informed  as  quickly  as  possible. 

2  Circumstances  permitting,  these  precautions  are  taken  in 
agreement  with  the  Supervising  Authority.  If  rtecessary,  the 
Supervising  Authority  may  request  the  State  and  the  plant 
management  to  act  accordingly.  It  the  event  can  no  longer 
be  controlled  safely,  the  water  alarm  system  has  to  be  acti¬ 
vated. 

3  II  the  degree  of  preparedness  4  has  been  ordered  for  the 
water  alarm  system,  the  Federal  Office  for  Water  Ecotramy 
arranges  for  the  engagement  of  the  National  Alarm  Centre. 
The  State  Authorities  call  up  the  local  alarm  organizations 
and  instruct  the  population  in  the  fkMd  zones  as  well  as  the 
transport  companies,  particulafty  the  Swiss  Federal  Railway 
and  the  Federal  PosL  Telephone  aiKf  Telegraph  Service, 
about  the  threat  and  the  behaviour  in  case  of  releasirtg  of 
the  water  alarm.  The  State  Authorities  dalormitte  the  area  to 
beatarmed  and  inform  the  National  Alarm  Centre,  if  only  a 
pan  of  the  distant  zone  is  to  be  alarmed.  The  Municipalities 
take  care  that  the  general  alarm  may  be  released  at  any  time 
in  the  endangered  area.  In  Mte  strategic  base  case  (peace¬ 
time).  the  military  works,  services  and  headquaners  con¬ 
cerned  are  to  be  informed  by  the  Group  lor  (asneral  Staff 
Services,  in  all  other  strategical  cases  by  the  Army  High 
Command. 

4  Authorized  and  responsibfe  for  the  release  of  the  water 
alarm  are; 

a)  in  the  close  zone  the  owner  in  case  of  techitical  or  natu¬ 
ral  threat  and  the  Warning  Regiment  in  case  of  acts  of 
war; 

b)  in  the  distant  zone  the  National  Alarm  Centre  and  the 
Warning  Regiment  il  the  latter  or  part  of  it  is  on  duty. 

5  In  the  close  zone,  thewater  alarm  hasto  be  released,  if 

a)  in  case  of  technical  or  natural  threat  a  flood  wave  can 
probably  nol  be  prevented  any  longer; 

b)  in  case  a  destruaion  was  produced  by  acts  of  war  lead¬ 
ing  to  an  important  water  release.  In  case  of  damage 
without  important  water  release,  the  owner  has  to  pro¬ 
ceed  according  to  clause  t. 

6  Immediately  alter  the  release  of  the  water  alarm  in  the 
close  zone,  the  owrter  or  the  Warning  Regiment  has  to  in¬ 
form  the  National  Alarm  Centre  as  well  as  the  State 
Authorities.  Immediately  on  receipt  ol  such  an  information, 
the  National  Alarm  Centre  releases  the  general  alarm  in  the 
distant  zone  by  radio,  if  the  State  Authorities  concerned 
have  not  previously  decided  something  else.  The  National 
Alarm  Centre  also  diffuses  by  radio  the  prepared  behaviour 
instruaions.  If  the  Warning  Regiment  is  on  duty,  its  infor- 
matioii  on  radio-telephony,  chatwref  3,  is  also  corrsidered  as 
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b.  dans  la  zone  dloignte.  la  Centrale  nationale  d'alarme  et 
le  rdgimeni  d'alefte.  si  ceiui-ci  est  lolaiemeni  ou  partiei- 
lement  engage. 

5  L'alarme-eau  doit  ^ire  deciencMe  dans  la  zone  rappro- 
cMe  si. 

a.  lors  de  dangers  resultant  d  un  ^v^nemeni  natural  ou 
d'origine  technique,  une  vague  d'inondation  ne  peui 
plus,  selon  toule  probabilite.  Mre  Miee: 

b.  en  casdefaitsde  guerre,  ily  a  destruction  entrainantun 
dcotdement  important.  Lors  de  digits  sans  dcoulement 
important,  le  propridtaire  de  I'ouvrage  agira  selon  les  di¬ 
rectives  prdvues  au  chiftre  1 . 

6  Aprte  le  dddenchement  de  I'alarme-eau.  le  propridtaire 
de  I'ouvrage  ou  le  (Mtachement  du  rdgiment  d'alerte  doit, 
sans  ddlai.  informer  tant  la  Centrale  nationale  d'alarme  que 
les  autoritte  cantonales.  Oes  la  reception  d'un  tel  message, 
la  Centrale  nationale  d'alarme  ordonne  tout  de  suite  par  ra¬ 
dio  le  ddclepchement  de  I'alarme  genwale  dans  toute  la 
zone  «loign4e,  dans  la  mesure  oii  les  autoritte  des  cantons 
concern^  n'ont  encore  rien  dteide  d'autre;  eile  diffuse 
dgalement  par  radio  les  instructions  d^a  pr^partes  au  suiet 
du  comportement  a  suivre.  Si  une  formation  du  regiment 
d'alerte  est  engage,  il  lui  appartient  aussi  de  diffuser  ie 
message  d'alerte  par  le  canal  3  de  la  t^Miffusion.  Ce  mes¬ 
sage  a  dgalement  valeur  d'ordre  pour  le  dddenchement  de 
I'alarme  g^n^ale;  sa  teneur  doit  concorder  avec  la  mission 
d'alarme  de  la  Centrale  nationale. 

7  Tout  organismequi  constate  une  panne,  tant  dans  le  mis¬ 
time  de  transmission  que  dans  ie  systeme  d'alarme,  est 
tenu  d'en  informer  sans  (Mlai  les  autorites  cantonales.  Cei- 
les-d  mettent  en  place  les  moyens  de  remplaoement  et  en 
informent  immediatement  tous  les  organes  conoemes.  En 
cas  d'urgence,  elles  peuvent  utiliser  i  cel  effet  les  moyens 
de  la  Centrale  nationale  d'alarme. 


order  to  release  the  gerterai  alarm.  Its  contents  must  corre¬ 
spond  lo  the  alarm  order  from  the  National  Alarm  Centre. 
7  Anyone  who  detects  a  breakdown  in  the  communication 
link  or  alarm  system  is  obliged  to  inform  the  Stale 
Authorities.  The  latter  determine  an  alternative  alarm  sys¬ 
tem  and  inform  at  once  all  cortcerrted.  In  case  of  urgertcy.  H 
may  be  done  by  means  ol  the  National  Alarm  Centre. 
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